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Abstract

Optimizing energy efficiency through the synergy of solar photovoltaic (PV) and smart
home technologies involves integrating essential smart home devices with a solar PV
system that encompasses both a battery bank and a connection to the grid. This
approach aims to reduce energy expenses by efficiently managing energy resources in
two primary operational modes: normal power operation and power disruption mode.
During normal power operations, when solar PV energy and grid electricity are
available, smart home devices such as thermostats, lights, and smart plugs work in
tandem to optimize energy usage. Their goal is to ensure that a sufficient portion of PV-
generated electricity is directed to the batteries for charging. By doing so during
nighttime, overcast days and high-demand periods, the system can minimize reliance
on grid electricity, resulting in cost savings on the energy bill. During power disruptions
or outages, the solar PV system and battery backup solutions step in to provide
uninterrupted electricity to critical smart home components to ensure the continued
safety and protection of the household. Simultaneously, smart home devices like smart
thermostats, smart lights, and smart plugs play a crucial role in minimizing energy
consumption. Their efforts aim to extend the battery charge and improve its overall
lifespan, reducing expenses associated with the installation of more costly battery
banks. In essence, the synergy between smart home technology and solar PV systems
offers not only energy cost savings during normal operations but also enhanced
resilience and cost-effectiveness during power disruptions.

Keywords: solar PV, solar storage, hybrid solar PV, smart home, smart thermostat,
energy efficiency, energy cost savings, energy bill reduction
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Solar Synergy: Unifying PV Energy and Smart Home Solutions

The integration of solar PV and smart home solutions marks a significant step toward
energy-efficient living by revolutionizing how we generate and consume energy. Solar
PV systems have emerged as a prominent solution, harnessing the power of the sun to
generate electricity. Recent advancements in solar PV technology such as high-
efficiency solar cells and panels, high-efficiency inverters, solar backup batteries, and
software have significantly improved energy efficiency. According to EcoFlow estimates,
a 7.15-kWh solar array will fully cover the electricity bill for a household with below 965
kWh average usage or save approximately $125 a month (EcoFlow, 2023).

With consistent technological improvements, hybrid solar PV systems with backup
storage have emerged as a promising solution. These systems, which are grid-
connected with battery storage, serve multiple purposes: providing backup power during
grid outages, optimizing electricity costs through energy shifting, and increasing the self-
consumption of solar energy (Solar Technologies, 2022). However, challenges such as
high battery costs and limited lifespan need to be addressed to make these systems
more accessible to homeowners, a goal that can be potentially achieved through
effective management of energy consumption.

The concept of smart homes has gained momentum in recent years, offering
homeowners greater control, convenience, and efficiency in energy management.
Installing smart thermostats alone can yield significant savings, with approximately 12%
saved on heating and 15% saved on cooling, translating to about $140 annually (Smart
Energy, 2023). Efficient home energy management complements hybrid solar PV by
enabling the installation of smaller backup batteries, prolonging their lifespan and thus
decreasing overall costs.

Furthermore, integrating smart home systems with hybrid solar PV addresses
vulnerabilities in smart home functionality, particularly during outages. With an
uninterrupted power supply from hybrid solar PV batteries, smart homes become robust
energy efficiency, security, and hazard prevention solutions, operating continuously.

In our study, we highlight the benefits of integrating solar PV systems and smart home
technologies with a comprehensive overview of their combined benefits and operational
modes. Benefits include reduced energy consumption and environmental impact,
reduced energy bills, prolonged solar battery lifetime, decreased cost of the solar PV
installation, shortened payback time, and uninterrupted smart home functionality for
house security, safety, and energy efficiency.

Constructing a Case Study: Exploring the Integration of Solar PV and Smart
Home Systems

To demonstrate the benefits of integrated solar PV and smart home systems we utilized

a cutting-edge hybrid solar PV system alongside essential smart home devices in a
typical property located in Charlotte, NC.

https://doi.org/10.52202/077496-0001 6
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The Hybrid Solar PV System

Our cutting-edge solar PV system harnesses the latest in solar storage technology,
consolidating charge controllers, batteries, and inverters into a single, innovative
solution. These systems are ideal for off-grid and hybrid solar PV setups and can be
seamlessly integrated with smart home solutions. For our demonstration, we selected
The SunPower Equinox Home Solar System paired with the SunPower SunVault™
Storage backup battery (SunPower, 2024b). Renowned for its efficiency (22.6%) and
integrated design (Fig.1), this system minimizes roof space requirements and is
available nationwide (SolarReviews, 2024).

Essentials of the Smart Home Systems

Our smart home devices address four key aspects of homeowner life (Fig. 2):
enhancing energy efficiency and cost savings, bolstering security against intrusions,
safeguarding against hazards like fires and floods, and enhancing overall comfort and
convenience (Adapses, 2024). These devices can be seamlessly integrated with solar
PV systems, optimizing solar energy use, enhancing battery management, and
prolonging the lifespan of the PV systems.

The Property

Our featured property is an average-sized home in Charlotte, NC managed by Duke
Energy utility company with an average electricity cost of 13 cents per kWh and a fixed-
rate plan. The property is a typical two-story, 2,000-square-foot house with a southern-
faced roof area of about 700 square feet oriented at an azimuth of 230 degrees with a
typical pitch of 18.5 degrees. With an average monthly energy consumption of 1,200
kWh, totaling 14,400 kWh annually, this property is positioned at a latitude of 35
degrees. It receives an average of 5.04 Peak Sun Hours (PSH) per day (NREL, 2024).

Building an Integrated Solar PV and Smart Home System
Sizing a Solar PV System

Solar PV system sizing involves employing a standardized formula to determine its
appropriate size (Adapses, 2024). This formula calculates the Solar PV System Size in
kWh by dividing the Daily Energy Consumption by the product of the % Roof
Performance and Peak Sun Hours (PSH). The % Roof Performance is derived from the
formula:

%Roof Performance
=100% — (Your Altitude — Roof's Tilt) + 3 + (Your Azimuth — 180) = 6
Considering factors such as property size, roof efficiency, and location, the estimated

ideal size for this property's solar PV system is 8 kW. Employing SunPower Maxeon 3
series 400 W SPR-MAX3-400 solar panels, the system requires 20 solar panels and 2

7 https://doi.org/10.52202/077496-0001
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SunVault (13 kWh) battery banks, each with a maximum usable energy of 12 kWh, to
support 8 hours of backup operation (SunPower, 2024a).

This configuration, featuring two batteries, efficiently reduces electricity costs during
winter nights when heating is active and summer days when cooling systems are in use.
However, it's essential to acknowledge that the actual performance of our 8 kW solar
PV systems may be reduced by approximately 14% due to derating factors, solar panel
operating temperature, inverter efficiency, and others (NREL, 2024).

According to the NREL calculator, the actual yearly AC output of our 8 kW solar PV
system will be about 10,974 kWh, resulting in a 76% reduction in energy usage from the
grid and an economic benefit of $1,427 per year. Nonetheless, this significant reduction
entails a substantial upfront cost due to SunPower’s high-efficiency equipment, which,
even after a 30% federal rebate, averages $21,000 including installation, with a payback
time of approximately 15 years ($21,000/$1,427) (MarketWatch Guides, 2024).

While we deliberately selected this high-end, expensive solution to showcase the
potential impact of a smart home system on energy efficiency and savings, it's worth
noting that more affordable solar PV systems are available on the market, with payback
times ranging between six and 11 years.

Selecting Energy-Efficient Smart Home Devices

Choosing the correct energy-efficient smart home devices can significantly enhance
household energy management. These devices, namely smart thermostats, smart
lights, and smart plugs, form the cornerstone of energy-saving in smart home systems.

In our project, we opted for the Google Smart Learning Thermostat, renowned for its
ability to save an average of 2000 kWh annually (EnergyEarth, 2024). By intelligently
adjusting heating and cooling settings based on seasonal demands and occupancy
patterns, this thermostat ensures efficient energy use. Moreover, its Al-driven
functionality adapts to homeowners' habits, further minimizing energy consumption.

Our selection for smart plugs was the TOPGREENER Smart Mini Wi-Fi Plug with
Energy Monitoring. This plug not only powers down connected appliances when not in
use or when the house is vacant but also provides real-time energy consumption data.
This enables homeowners to remotely manage power usage, potentially saving up to
1000 kWh annually (Oakter, 2024).

For the home’s lighting system, we selected Philips Hue Smart Bulbs, which are
recognized for their reliability and energy-efficient LED technology. With up to 80%
energy savings compared to traditional lighting, smart lights significantly reduce
electricity consumption. On average, households can save around 1500 kWh per year
by transitioning to LED lighting, which typically accounts for 15% of total electricity
usage (Energy.gov, 2024).

Collectively implementing these three smart home devices can save approximately
4500 kWh of energy annually, resulting in savings of $585 per year. While these

https://doi.org/10.52202/077496-0001 8
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devices slightly consume energy and initial investment ranges from $300 to $500,
depending on available utility rebate programs, the long-term benefits far outweigh the
upfront costs.

It is worth noting that it is essential to ensure investing in reliable devices and software
to avoid common problems and pitfalls associated with smart home automation
specifically when a vendor goes out of business and discontinues support. Essential tips
and strategies for creating a reliable smart home are described in detail on the website
Adapses.com (Adapses.com, 2024).

Maximizing Energy Efficiency: Integrating Solar PV and Smart Home Systems

Table 1 presents a breakdown of monthly energy usage derived from a typical Duke
Energy utility bill for this house type, alongside monthly average sunlight hours (PSH)
for the region, the calculated AC output generated by a Solar PV system of 8-kW
capacity, and the simulated Smart Home energy savings (NREL, 2024).

For the smart home system simulation, we employed conservative estimates for smart
plugs (500 kWh/year) and smart lights (1000 kWh/year) providing 3% and 7% monthly
energy savings, respectively. For the smart thermostat, energy savings amount to 20%
during the months it is in use, or 14% (2000 kWh) annually. According to this data, the
Solar PV system produces 10,974 kWh, resulting in 76% annual savings.

However, during winter, the energy savings are only 39% due to reduced solar
exposure on panels, with an average PSH of approximately 3.63. Moreover, winter
places increased strain on the battery backup system due to reduced daylight hours and
frequent power outages, while household energy usage rises for heating and lighting
purposes. As a result, smart thermostats and smart lights become pivotal in enhancing
energy efficiency during the winter months, working in tandem with solar power to
bolster savings.

In contrast, summer experiences peak solar PV output, while cooling becomes the
primary energy draw. Here, the smart thermostat regulates consumption, ensuring
ample energy reserves for battery backup during high-demand periods, cloudy days,
and outages.

Figure 3 demonstrates the combined benefits of solar PV and smart home systems
based on the data presented in Table 1. Typical monthly energy consumption from the
Duke Energy bill is represented in grey, while calculated output from Solar PV and
simulated savings from smart home devices are highlighted in orange and blue,
respectively. During winter, smart home devices nearly double the savings from the
solar PV system, adding another 29%, primarily from the smart thermostat and smart
lighting, covering 68% of energy demand. In other seasons, the integrated smart home
and solar PV systems meet household energy needs entirely, with surplus electricity
available for sale back to the grid, offering additional benefits.

The notable result from the incorporation of the smart home system is a total energy
reduction of 14,740 kWh (3,500 kWh from smart home plus 10,974 kWh from solar PV)

9 https://doi.org/10.52202/077496-0001
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equating to $1,882 in annual savings and effectively trimming the payback period from
15 years down to 11 ($21,000/$1,882). Our study underscores the pivotal role of
reducing the years required for return on investment through smart home integration
and accurately managing its functionality. Furthermore, coupling this with increasingly
accessible solar PV solutions can yield even more remarkable outcomes.

The benefits from the integration of these two systems, however, extend beyond simply
summing the benefits of each. Instead, it provides homeowners with a unified, mutually
beneficial solution, elevating both energy efficiency and home safety to new levels.

Unifying PV Energy and Smart Home Solutions

Integrating the essential smart home devices with the hybrid solar PV system that
encompasses both a battery bank and a connection to the grid (Fig. 4) will synergize
mutually beneficial effects in two primary operational modes: normal power operation
and power disruption mode.

Normal Power Operation

During normal power operations, when solar PV energy and grid electricity are
available, smart home devices such as thermostats, lights, and smart plugs collaborate
to optimize energy consumption. Their objective is to prioritize directing a sufficient
portion of PV-generated electricity toward battery charging. This strategy minimizes
reliance on grid electricity during night hours, overcast days, and peak-demand periods,
reducing energy costs. This optimization is particularly advantageous when operating
under a time-of-use (TOU) billing schedule, effectively cutting expenses during high-
demand periods.

Power Disruption or Outages

During power disruptions or outages, the solar PV system and battery backup solutions
seamlessly supply uninterrupted electricity to critical smart home components, including
security cameras, video doorbells, smart lights, smart thermostats, flood and fire
protection devices, and essential appliances. This ensures ongoing safety and
protection for the household.

In such situations, smart home devices such as smart thermostats, smart lights, and
smart plugs play a vital role in minimizing energy consumption. Their combined efforts
aim to prolong the battery charge and enhance its overall lifespan, thereby reducing
expenses related to installing more expensive battery banks and maintenance costs.

Many solar batteries, like SunPower’s SunVault Storage, come with a 10-year limited
warranty, typically within the payback period. This implies that after paying off the solar
PV system, homeowners might need to invest in replacing the battery storage. By
intelligently monitoring energy usage from the backup battery system with smart home
devices, one can extend their lifespan, minimizing additional expenses associated with
the solar PV system.

https://doi.org/10.52202/077496-0001 10



Unifying PV Energy and Smart Home Solutions

Furthermore, because the Smart Home system reduces energy consumption by
approximately 24% annually, it becomes feasible to downsize the backup storage from
two to one SunVault battery, further reducing upfront costs and shortening the payback
period.

In our demonstration of integrated solar PV systems, we used one of the more
expensive solutions to showcase the impact of smart home technology on energy
efficiency and cost reduction. However, there are more affordable solar PV systems and
longer-lasting backup batteries available for integration with smart home setups, offering
homeowners even greater benefits.

Conclusion

By integrating smart home technology with a solar PV system, we enhance home
energy efficiency concurrently with the PV system installation, reducing energy waste by
24%. Advantages of the integrated solar PV with backup storage solution and smart
home system include reduced energy consumption and environmental impact; reduced
energy bills; prolonged solar battery lifetime; decreased cost of the solar PV installation;
shortened payback time; and uninterrupted smart home functionality for house security,
safety, and energy efficiency. These benefits become increasingly significant amid
ongoing utility rate inflation. Opting for integration of the smart home systems with solar
PV offers a dependable solution to mitigate reliance on the grid and mitigate the impact
of frequent outages, especially during stormy seasons.

Conflict of Interest

The author has no conflicts of interest to disclose.
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Table 1

Monthly household energy consumption and energy savings from solar PV and smart
home systems. Solar irradiation and solar PV AC output are derived from the NREL
PVWatts® Calculator (NREL, 2034).

Household Solar

Month Energy Irradiation ASCoI(a)r fvt ESmart g'o”.‘e
on Consumption (PSH) kv\;lhpu nergkxNhavmgs
kWh kWh/m2/day

January 2,101 3.47 693 603
February 1,472 4.26 753 435
March 675 4.81 925 88
April 860 5.68 1,022 101
May 953 6.58 1,191 108
June 1,200 6.64 1,137 362
July 964 6.46 1,135 299
August 833 5.88 1,039 264
September 655 5.45 954 87
October 1,187 4.43 824 124
November 1,291 3.78 705 386
December 2,249 3.01 596 642

Annual 14,400 5.04 10,974 3500
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SunPower Solar PV with a Backup Battery Storage Solution

Fig. 1. SunPower's complete solar PV solution has high-efficiency solar panels, backup
battery storage, and inverters with the control system and software (SunPower, 2024).

SunPower Equinox®
Home Solar Systems

SunVault® storage system

mySunPower® home solar system
monitoring

15 https://doi.org/10.52202/077496-0001



Unifying PV Energy and Smart Home Solutions

Essential Smart Home Devices
Fig. 2. Essential smart home devices provide energy efficiency, security, and hazard

prevention (Adapses, 2024).
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Integrated Smart Home and Solar PV Energy Savings

Fig. 3. Monthly energy savings accrue from solar PV output and smart home savings vs.
house energy consumption.
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Integrated Solar PV and Smart Home Solution
Fig. 4. The synergy of integration of a smart home system with a hybrid solar PV

solution.
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Abstract

Productive uses of renewable energy (PURE) technologies are mature,
economical, and offer practical solutions that meet the needs of off-grid regions
across the globe. Solar photovoltaics (PV) in particular are a mature, reliable, and
economically practical solution for both on and off-grid PURE applications such as
water pumping for irrigation, flour milling, milk chilling, and cold storage. Solar
thermal technologies are practical for crop drying and process heat for
agroprocessing. Access to affordable clean energy especially for rural communities
is not only economically feasible but also a social justice issue. This paper discusses
Productive Uses of Renewable Energy (PURE) impacts in Uganda for rural
communities using solar water pumping, solar mini-grids, solar chilling, and solar

crop crying.

1. Keywords: photovoltaics, solar energy, water pumping, mini-grids,
chilling, milling, food preservation, Ugandalntroduction

We coined the brand Productive Uses of Renewable Energy (PURE) technologies to
extend the original PUE concept to indicate further use of clean energy sources
such as solar, wind, geothermal, and hydropower to meet local energy needs for
economic development. PURE technologies are clean and affordable and often the
most economical way to energize processes for locations that otherwise do not have
access to conventional energy options such as the national power grid. PURE
technologies use local energy that in turn helps create local jobs and community
economic growth.

The U.S. Department of Agriculture Foreign Agricultural Service (USDA FAR), the
Uganda Solar Energy Association (USEA) and the Government of Uganda (GoU)
have helped lead in the application of PURE technologies in the country. Solar
through direct applications or mini-grids is a well-developed, mature, and more
economical alternative to grid expansion and diesel generators, especially in rural
Uganda. There is often an excellent match between seasonal solar resources and
seasonal energy needs. When it is dry and sunny, the needs for water and chilling
increase along with the available solar energy to power them. USEA has been
working with GoU on a number of PURE projects and activities, including developing
a roadmap for PURE promotion in Uganda, as well as a national market assessment
(GoU, 2023).

2. Uganda Energy Landscape

Only 28% of Ugandans are connected to the national power grid and they are mainly
in urban areas; this is one of the lowest grid-connection rates in all of Africa. Only
about 2% of the total Uganda energy consumption is from electricity. The total
installed grid generation capacity is about 1,400 MW, with a peak demand of about
650 MW. Hydropower remains the nation’s leading power source, representing 80
percent of total electrical generating capacity (IEA, 2023).

Biomass accounts for 90% of the energy used in the country, with about 90% of
Ugandans reliant on fuel woods for cooking and heating. The National Environment
Management Authority estimates that about 2.6% of Uganda’s forests are cut down
annually for firewood, charcoal, and agriculture, and that the country will be
completely deforested in another ~25 years if there is no usage change (GoU,
2023).
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The Uganda Ministry of Energy and Mineral Development (MEMD) is responsible for
overall national energy policy direction and guidance. MEMD recently updated its
20-year-old energy policy in 2023. For the first time ever, the MEMD-updated energy
policy specifically calls for the use of productive uses of energy with an emphasis on
renewable energy (GoU, 2023). PURE promotes local economic development using
clean energy solutions that offer greater energy security, local jobs, and energy
independence.

3. Solar Water Pumping

Solar water pumps (SWP) are one of the earliest PURE technologies, providing
water for crops, livestock, and community water supply. SWP system costs have
declined significantly over the past decade to < $3 per peak watt (with pump)
installed today. SWPs are about five times cheaper to operate than traditional diesel
pumps, and less than half the cost of electric pumps powered by the conventional
power grid. One of the authors of this paper has installed AC SWPs in Mexico that
have operated for 25+ years with little maintenance besides an inverter replacement
after about 15 years. NMSU was one of the first three U.S. Department of Energy
PV experimental stations in the nation. It has early Block 5 PV modules installed on
its facilities in 1981 that are still operational at about 60 percent of name plate rating.

Fig. 1. The USDA farmer training by Green Powered Technology uses a portable
solar water pump system with a folding array mounted on bicycle wheels for
transportation. It was for crop irrigation that was shared between several farmers at
the Rugendabara Coop in western Uganda in August 2022. It uses the world’s only
surface helical rotor pump, developed by Ennos. (Credit: Robert Foster)

In western Uganda, the USDA FAS partnered with Green Powered Technology,
Solar Now, and Clean Energy Enthusiasts to introduce a new and innovative
portable SWP with wheels that allows several farmers to share the same pump for
irrigation that is wheeled from field to field as needed. This Sunlight SWP is an
innovative high-quality surface 2 HP helical rotor pump from Ennos with a maximum
total dynamic head of 40 m. This is the only surface helical rotor pump available
anywhere. The expected lifetime for the DC pump is 10+ years. The Ugandan
farmers irrigate maize, rice, bananas, and other crops.
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Fig. 2. The world’s only hIicaI rotor suce ump is the ns Sunlight, used in
PURE projects sponsored by USDA FAS in western Uganda. (Credit: Robert Foster)
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Fig. 3. Ennos Sunlight %2 HP pump curves. (Courtesy of ENNOS)

Micropower and low-power SWP systems provide affordable water even for
smallholder farmers, by pumping throughout the entire day. The smallest SWPs
have over 40 years of experience in commercial applications (e.g., Grundfos,
Dankoff, Lorentz) and show the most technology diversity. They use displacement
pumps and DC motors. The low-power range brings in greater use of centrifugal
pumps and AC motors. The medium and high-power ranges use conventional
centrifugal pumps with AC motors. The following figure summarizes how the various
SWP mechanisms fit the full range of water lift and flow that is found throughout
Uganda.
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Fig. 4. Pump mechanisms in relation to vertical lift and water requirements. (Dankoff
& Foster, 2022)

4. Solar Chilling and Cold Storage

Direct-drive solar refrigeration technology was introduced to western Uganda in
2022 as part of the USDA FAR PURE in support of the Power Africa program. The
direct-drive refrigerator uses no batteries that use thermal phase change material
(ice) energy storage.

The technology was originally developed in support of NASA's future planetary
mission’s refrigeration requirements, and later commercialized for vaccine battery-
free refrigeration by SunDanzer and subsequently approved by the World Health
Organization (WHO).

This is accomplished by integrating water as a phase-change material into a well-
insulated refrigerator cabinet and by developing a microprocessor-based control
system that allows direct connection of a PV panel to a fixed or variable speed DC
compressor. By storing ice in the walls of the refrigerator, it eliminates the need for
electrochemical energy storage.

The solar refrigerator uses a vapor compression cooling cycle with an integral
thermal storage liner, PV modules, and a controller. The direct-drive solar
refrigerator used in Uganda employs a variable-speed dc compressor. By storing ice
in the walls of the refrigerator, it eliminates the need for battery storage. Ice never
wears out and it provides sufficient energy storage to cool 40 L of milk overnight or
other products. Pilot units were placed in Katairwe village near Kyegegwa area in
western Uganda.
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Fig. 5. Solar direct drive refrigerator with DC compressor and E-W “fixed tracking”
array. (Foster, 2017)

A unique innovation of the SunDanzer direct-drive solar chillers is the east-west
“fixed tracking® array alignment of the photovoltaic array to optimize compressor run
time instead of maximizing energy generation. This enables the direct-drive
photovoltaic refrigerator (PVR) DC compressors to run longer by starting up earlier
in the day and running longer in the afternoon than a traditional equatorial facing
array would and thus lengthen daily chilling time. Tests at New Mexico State
University found that the battery-free phase-change thermal storage (ice) system
enables the PVR to stay cool for up to a week of cloudy weather.

conventional array tilted

SunDanzer recommended East-West array towards equator
Watts

Power required to
start and run
refrigerator at
minimum speed

solar noon
Time of Day—>

Fig. 6. A fixed E-W tracking array was designed to maximize compressor run time
rather than maximum energy capture. (Foster, 2017).
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Fig. 7. APVR Fixed E-W tracking array was installed in Katairwe village for a local
convenience store that sells milk, meat, and cold drinks. (Credit: Robert Foster)

In order to maximize heat transfer, the PVR can also incorporate brine bags that do
not freeze at 0°C. They are placed around the milk cans to increase heat transfer
rates and cool milk quickly. Milk has some natural substances referred to as the
lactoperoxidase system, that has both bacteriostatic and bactericidal effects against
some milk spoilage microflora.

This natural system is effective and able to preserve the milk from microbial spoilage
for about the first three hours after milking. Bacteriological growth is futher retarded
when mik temperatures fall to about 10°C and stops at 4°C. The PVR chills 25 liters
of milk down to 10°C in a couple of hours, and the milk temperature in the morning
is about 4°C as shown in Fig. 9.

Ice Packs 10L milk cans Brine bags

1
Ty
1T

|
4
+44

Fig. 8. The project used thermal ice storage and brine bags to chill evening milk.
(Credit: Robert Foster)
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Fig. 9. Solaf milk-chilling test results for 40-liter milk cans. Bacteriological growth in
milk largely becomes inactive below 7°C. There is about a 4-hour window before
significant bacterial growth starts in milk. The PVR unit successfully meets this

threshold. (Foster 2017).

The SunDanzer direct drive PVR can chill 25 liters of evening milk to 40°C
overnight. Figure 10 shows the daily milk cooling cycle for milk temperature is
repeatedly cooled to 5°C by early morning. Note that the farmer places the empty
milk can outside in sunlight for drying after cleaning representing the daily peak
outdoor temperature of 30+°C.
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Fig. 10. Daily milk can temperatures show daily cooling cycles on a smallholder
dairy farm. The farmers clean out the can daily and put it outside in the sun to dry
during the day. (Foster, 2017)
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Fig. 11. Local Katairwe farmers during a USDA-sponsored PURE training event
inspected a direct-drive PV refrigerator (PVR) with thermal storage used by a store
to preserve meat and chill milk and drinks. (Credit: Robert Foster)

The PVRs are also equipped with two 5V USB charging ports installed on the
refrigeration units so the users can charge cell phones, flashlights, or other devices
as needed. These ports are sometimes rented out by the owners for a small fee to
neighbors to charge cell phones.

5. Solar Mini-Grids for Uganda

Mini-grids are independent small to medium-scale electricity generation systems
serving a fixed customer base via a stand-alone electrical distribution grid. Mini-grids
can fill the gap where the national grid cannot provide coverage for 70 percent of
Ugandans without power. Mini-grids can supply reliable 24/7 electricity to villages
where grid extension is unaffordable or impractical.

The Uganda electric grid of the future will become more decentralized and reliable
using mini-grids to power electrical loads. There are about 50 mini-grids currently
operating in Uganda, the majority of which use hydropower. But increasingly new
solar mini-grids are under development to expand beyond hydropower regions. The
Government of Uganda is promoting private investment for mini-grids in Uganda.

In 2023 the German bank KfW granted 35 million Euro to MEMD to install ~6 MWp
of mini-grids in Uganda with construction starting in 2024. The Beyond the Grid
Fund for Africa has recently signed agreements in 2024 to develop Uganda solar
mini-grids, as well as direct-drive solar-powered refrigerators with ice storage.

5.1 Mbaata Mini-Grid for Cold Storage, Milling, Hair Salon, and Theater

The Mbaata 25 kWp solar mini-grid in western Uganda was installed in late 2022 by
a UK developer. It provides power via three 8 kW SunSynk Inverters and WECO
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battery energy storage system. The mini-grid powers a milling machine, metal
workshop, hair salon, and a small theater. Most importantly, it provides for a cold
room chilled by two LG split room air conditioners with a cooling capacity of 6.4 kW
each using dozens of cold water containers for cold storage in the insulated cold
room to keep horticultural and other crops cool before shipping. This allows farmers
to have options to achieve better pricing for their products since they are in a better
position to negotiate with vendors.

Fig. 1 Theaata 25-kWp rooftop solar mini-grid wr a oId roo, a milling
machine, a hair salon, a metalworking workshop, and a small movie theater. (Credit:
Robert Foster)

Fig. 13. A state-of-the-art Mbaata solar mini-grid control room consists of 3
SunSynk inverters (3-phase AC) and WECS lithium-based batteries. (Credit:
Robert Foster)
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7

Fig. 14. The Mbaata solarllnl-rid po‘werS this milling machine used for cassava
flour. The author [Which author?] left all his surgical masks behind so the operators
will not breathe in fine cassava particulates. (Credit: Robert Foster)

5.2 Katairwe Mini-Grid for Bulk Chilled Milk Storage and Village Loads

The Kyegegwa Rural Electricity Cooperative Society Limited (KRECS) solar mini-
grid serves the Katairwe community. KRECS partnered with NRECA International
and USAID Power Africa to develop a solar mini-grid to provide PURE electricity. It
developed a state-of-the-art solar mini-grid to power community needs for
residences and businesses, including a milk-bulking station for the dairy farmers.
These efforts have helped stimulate socioeconomic well-being while promoting
environmental conservation. The mini-grid system was installed by NRECA and
KRECS in late 2022. This is a 56-kWp solar mini-grid with a 5-kWh battery bank and
a backup diesel-powered generator rated at 50 KVA. It is a 3-phase distribution
system connected within a 4-km radius that serves 176 households and small
stores, as well as four medium-scale commercial users comprised of two dairies with
milk bulking stations, one coffee factory, and one telecommunications mast.

Fig. 15. The Katairwe village 56-kWp solar mini-grid was installed by NRECA in
2022 for USAID Power Africa and operated by the local KRECS utility. This system
provides 3-phase power to 176 househlds, several small stores, two dairies, a coffee
factory, and a telcom mast. (Credit: Robert Foster)
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eliminating the need for batteries. Solar chillers help farmers and stores to preserve
fresh milk and crops. Payback is less than two years. There are over 5 million
smallholder dairy farmers in East Africa who can benéefit from solar chilling
technologies.
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Abstract

Combining one or more types of solar thermal collectors in a hybrid or multi-source heat
pump system offers a potentially more cost-effective method for heating buildings
compared to traditional approaches. This means a lower total cost of ownership. The
initial cost of the system can be lower than a conventional ground source heat pump
system because of a significantly smaller total ground loop (less borehole drilling), and
the electricity use can be relatively low because the ground loop (or loops) will provide
better efficiency than any air source heat pump. Even the recent “cold climate” heat
pumps will never compare with a ground loop when the air temperature is either below
freezing or above 100°F. The laws of physics do not allow high efficiency for any air
source system at those temperatures, but a ground loop gives high efficiency at any
outdoor air temperature.

Keywords: solar thermal collectors, multi-source heat pump, energy efficiency, cost-
effective

Introduction

The combination of Solar Thermal Collectors (STCs) with multi-source heat pump
systems has paved the way for energy-efficient and cost-effective heating and cooling
solutions. This use of a hybrid system has helped channel the use of renewable energy,
yielding significant reductions in both operational costs and greenhouse gas emissions.

Former studies have explored the performance and benefits of integrating STCs with
heat pump systems. A variety of multi-source system designs were presented by Olson
and Yu with seasonal storage and optimized solar/air collection systems (Olson & Yu,
2016; Olson & Yu, 2017). These works highlight the potential for significant energy
savings and improved system efficiency.

Additionally, research by Emmi et al. and Kjellson et al., using the TRNSY'S simulation
program to evaluate various system configurations, highlighted the benefits of using
multi-source systems, such as optimized system performance along with reduced
electricity demand by integrating ground-source heat pumps with solar collectors (Emmi
et al., 2016; Kjellsson et al., 2010).

A study by Chen et al. proposed a hybrid ground source heat pump system and
integrated it with concentrated photovoltaic thermal (CPC-PVT) solar collectors. This
hybrid system exhibited higher primary energy ratios (a measure of the system's
efficiency in converting primary energy into useful outputs and exergy efficiency versus
the conventional system, highlighting the benefits of combining geothermal and solar
resources for performance enhancement (Chen et al., 2019).

In another study conducted by Han et al., a multi-source hybrid heat pump system
(MSHPHS) was simulated to be located in the cold region of Harbin, China. By using
solar, geothermal, and air energy, the MSHPHS maintained a high coefficient of
performance (COP) of 3.06 and showed a higher energy efficiency of 29.84% compared
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to a standard ground-source heat pump system. This showed the effectiveness of
integrating STCs and multi-source heat pump systems (Han et al., 2017).

There are different types of STCs that can be useful for multi-source heat pump
systems, as listed below:

1. Glazed flat plate collectors: Primarily used for domestic heating for decades,
these collectors are most effective at temperatures up to 200°F. They are not
useful for cooling the types of systems described here because the glazing panel
is intended to prevent convection cooling of the absorber plate.

2. Unglazed flat plate collectors (also known as polymer flat plate collectors): These
are cost-effective and versatile since there is no glazing. They are suitable for
both heating and cooling applications. They are used especially in swimming
pool heating and have much lower output temperature than the glazed collectors.
For the cooling application, they collect cold from both cold air convection and
also radiative cooling into a clear, cold sky.

3. Photovoltaic Thermal (PVT) collectors: These devices are considered to be dual-
use products, since they produce both electricity and hot water from sunlight.
What most people do not realize is that these devices can be made into triple-
use products when they are part of a multi-source heat pump system for
electricity generation and the production of hot or cold water. These can be made
in both glazed and unglazed versions; however, the unglazed type is most
widespread. In this case, they are useful for electricity generation, hot water
production and also cold-water production (when the sun is not out and the air
temperature is low). It is possible that the useful life of a PVT panel might be
longer than that of a plastic unglazed pool solar collector since the solid PV layer
on the top of the panel gives protection to the pipes and other material used for
hot or cold-water collection below the PV layer.

4. Evacuated Tube Collectors: Evacuated tube collectors with vacuum insulation
inside multiple glass tubes are highly efficient at higher temperatures and are
less influenced by the external weather conditions, but are less useful for
collecting cold, i.e., heat removal. They can attain higher temperatures when
combined with curved reflectors for sunlight concentration.

The objective of this paper is to evaluate the design, performance and energy-efficiency
potential of a newly-developed multi-source heat pump system equipped with various
sources, such as ground, air, and/or solar. It examines the design optimization and
configurations using numerical simulations in the TRNSYS environment (TRNSYS 18).
This study also compares multiple cases (operation modes) with conventional systems
to quantify efficiency and energy savings. It highlights the potential of the multi-source
system developed, demonstrating its potential as a sustainable and cost-effective
solution for residential heating and cooling.

Multi-Source Heat Pump Systems

In recent years, there have been improvements and simplifications in the multi-source
system designs, reducing the number of pumps and valves needed to accomplish full
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functionality. Perhaps the simplest form of a multi-source system (but not with full
functionality) is one that has two sources and allows a selection of one or the other to
connect to a water source heat pump. Fig. 1 shows three versions of this.

Heat Pump Heat Pump Heat Pump
®é
Loop #1 Loop #1 Loop #1
Loop #2 Loop #2 falne

Fig. 1. Dual Source Heat Pump Configurations

Note that Fig. 1 also allows a mode which has source water from both sources
simultaneously (parallel mode). By including one more pump or one more valve, there
could be three optional sources rather than just two. There are also many sources to
choose from beyond STCs:

1. Ground loop (either borehole or trench)

2. Cooling tower (evaporative or dry)

3. Open loop from a conventional water well

4. Surface water (lake, pond, or river)

Certainly, many other sources beyond those above are also possible.

If the system has just a single ground loop, the addition of a second source such as a
STC allows what might be called a preconditioning mode. With this mode, the ground
around the loop can be either preheated or precooled to gain an improvement in heat
pump efficiency at some future time. For example, in the summer and/or fall of the year,
a STC can circulate very hot water through the ground loop pipes in preparation for the
upcoming winter. This technique has been widely used and can sometimes convert a
failing ground loop system from total failure into a long-term success.

A simple example of a single-loop system with preconditioning is shown in Fig. 2.
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Fig. 2. Single ground loop system with preconditioning

Numerical simulations have been conducted to evaluate the energy-saving potential of
the system depicted in Fig. 2. These simulations were performed in the TRNSYS
environment (TRNSYS 18) for a heat pump system incorporating underground regions,
STCs, and a buffer tank as illustrated in Fig. 3. The system is designed to provide
heating and cooling for a single-family house (Fig. 4) located in Bismarck, North Dakota.
Details about the house and the system are presented in Table 1 and Table 2.

The operational strategies for this system are categorized into four control modes, as
shown in Fig. 5. Based on these modes, three specific cases were analyzed in this
study:

e Case 1: Alternates the heating source for the heat pump between the
underground loop and the solar buffer tank (Modes 1 & 2).

e Case 2: Builds on the setup of Case 1 by also enabling simultaneous use
of both the underground loop and the solar buffer tank, splitting the flow
equally (Mode 3) when both sources are advantageous.
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e Case 3: Extends the functionality of Case 2 to include charging the
underground region using the solar buffer tank (preconditioning — Mode 4)
when space heating is not required.

The performance of these cases was compared to a baseline scenario, where a
conventional air source heat pump system is used for heating and cooling in the target
building, as depicted in Fig. 4.

Underground
Heat
Exchanger
Solar Ground Sinol
Thermal Buffer Source r ng le
Collector Tank Heat }? mily
Aray | o Pump Shde

Fig. 3. Single ground loop system with solar collectors for simulations

Fig. 4. Single-family house for simulations

Table 1. Building Information

Building Type Single-Family House

Number of Floors 2
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Building Total Area [m?] 334.5
Total Conditioned Area [m?] 2231
Window-Wall Ratio 14.1%
Gross Roof Area [m?] 219.8

Table 2. System Information

Borehole Type Vertical Closed Loop
Number of Boreholes 4
Borehole Depth [m] 61
Borehole Separation Distance [m] 6.1
Number of Heat Pump Units Water-to-Air HP: 1
HP Air Flow Rate [L/s] 774.0
HP Water Flow Rate [L/s] 0.76
HP Rated Heating Capacity [W] 11517.7
HP Rated Heating COP 3.4
HP Rated Cooling Capacity [W] 14184.6
HP Rated Cooling COP 4.8
HP Rated Fan Power [W] 560
Solar Thermal Collector (STC) Dimensions [m] 2.44 x1.22
Total Number of Evacuated Tube STCs 2
Buffer Tank Size [L] 302.8
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Fig. 5. Diagrams of different operation modes

Fig. 6 displays the monthly averaged heating Coefficient of Performance (COP) for the
different cases. The data reveal that higher heating COPs are achieved during the
winter months when using the hybrid heat pump system rather than the baseline
system, which relies on an air source. Notably, Case 3 exhibits lower heating COPs
than Cases 1 and 2 during summer. This reduction is primarily due to the heat stored in
the buffer tank being transferred to the underground regions for preconditioning, leaving
less available for space heating. Moreover, due to the limited number of boreholes and
the small size of the underground regions, a significant portion of this heat is lost
through the edges and top of the ground. Consequently, there is no notable
improvement in heating COPs after summer, as illustrated in Fig. 6. A higher winter
temperature requires different parameters for borehole spacing, solar collection area,
and tank size. An even higher temperature will be obtained after 5 or 10 years of use.
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Fig. 7 illustrates the monthly energy usage of the heat pump system across various
cases. As indicated, Cases 1, 2, and 3 demonstrate significant energy savings
compared to the baseline system. The annual energy savings for these cases is
approximately 60%, highlighting the energy-saving potential of the hybrid heat pump
system over a conventional air source heat pump system in cold climates.
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Fig. 7. Monthly energy consumption
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For a new system design, there might be two somewhat separated ground loops rather
than just one. In this case, it is possible to have preconditioning such that one region
underground is warmer than the deep earth temperature in the winter and the other
region is colder than the deep earth temperature in the summer. Geothermal heat pump
proponents generally claim that their systems are the most efficient heating and cooling
systems in the world because of a very stable temperature from the deep earth. With
two ground loops and preconditioning, it is possible to have source temperatures even
better than stable by providing more desirable temperatures for heating or cooling from
the two distinct underground regions. A dual-loop system with preconditioning is shown
in Fig. 8.
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Fig. 8. Multi-source system with two ground loops (Olson & Yu, 2020).

A more complete description of the block diagram of Fig. 8 can be found in U.S. Patent
11105568. It is assumed that the system will have multiple temperature sensors and
computer control to automatically change valve settings and pump speeds to give the
optimum result for long-term efficiency in operation (optimum heating and cooling and
minimum electricity use). Here are the most essential operating modes based on
outdoor air temperature, assuming that there is a significant need for both heating and
cooling over a full year:

1. At very low air temperatures, the system preconditions by transferring cold from the
ambient air to the underground cold region, while simultaneously utilizing the hot region
for space heating via the heat pump.
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2. When the temperature from the aboveground unit (e.g., STCs) is close to the hot
region temperature, the heat pump may use water from both sources simultaneously
(parallel mode).

3. When the aboveground unit has a temperature higher than either of the underground
regions and there is a need for heating, the heat pump source water will be from the
aboveground unit.

There are also three modes similar to those above for cooling where, at the highest air
temperatures, there is preconditioning into the underground hot region while the cold
region provides cold water for the heat pump. If this water temperature is lower than
50°F, the heat pump might be used in a bypass or economizer mode for cooling so that
power for a compressor is not needed and system efficiency will be very high.

COLD
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DRY SOLAR
o THERMAL @_r\_% PUMP
ARRAY
HOT
THERMAL
STORAGE
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Fig. 9. Multi-source system with higher-temperature solar thermal collection

The system of Fig. 8 is well suited for any climate region. However, for a cold-climate
region, there is another option that uses one additional three-way valve but can take
advantage of higher-temperature versions of STCs. This configuration is shown in Fig.
9.

Although Fig. 9 shows the use of a dry cooler, this could just as well be an array of
unglazed solar or PVT collector types. The solar thermal array in Fig. 9 could be a
glazed flat-plate type or any of the vacuum-insulated types. For collection of heat on a
sunny but cold day, the leftmost valve can bypass water around the dry cooler, and for
preconditioning with very cold air, the solar thermal array can be bypassed.
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Although all of the block diagrams above show the use of just a single heat pump, this
could instead be multiple heat pumps and/or water-cooled chillers. For thermal energy
networks, where natural gas pipes are being replaced with continuous-flow water pipes,
it is possible that the systems above could be more cost-effective than the exclusive use
of borehole heat exchangers, which is the current practice.

If there is a need for underground seasonal thermal storage (six months) and on a large
enough scale, the best model in North America is at Drake Landing Solar Community in
Canada (Drake Landing Solar Community).

The Drake Landing borehole array is designed specifically for thermal storage, not
geoexchange. Here are some differences:

1. The spacing between boreholes is 7 feet, which is about 1/3 that of conventional
geoexchange systems.

2. The borehole depth is 115 feet, which is about 1/5 of the typical geoexchange depth.

3. The water-circulation path is designed for the hottest region to be always at the
center, not at the perimeter.

This design allows for the seasonal thermal efficiency to be as high as 50 percent (ratio
of thermal output to thermal input). Widely spaced boreholes will never be close to that
efficiency.

The water used for thermal transfer at Drake Landing can have a temperature as high
as 175°F, which requires the use of PEX pipe rather than the more common HDPE type.
If even higher temperatures are desired, a special version of PEX might be considered
that allows temperatures in the 230°F range (trade name Pexgol).

For many solar thermal applications, a buffer water tank is used to allow for an
optimization of flow rate and temperature from the (highly intermittent) solar collector
output to the underground storage or the end-use equipment (heat pumps or fan coils).
The Drake Landing system uses two buffer tanks for this purpose.

Conclusion

In conclusion, using STCs in multi-source heat pump systems can significantly improve
building heating and cooling efficiencies. By using various types of collectors like glazed
and unglazed flat plates, PVT systems, and evacuated tubes, these hybrid systems can
effectively harness solar energy and optimize thermal storage for both heating and
cooling. The flexibility in design and the ability to adapt to different climate conditions
make these systems versatile. This approach not only significantly improves energy
efficiency but also contributes to reducing greenhouse gas emissions, aligning with
environmental sustainability goals. The future of building climate control could see a
shift towards these innovative, multi-source systems, leveraging renewable energy
sources to create more cost-effective, efficient, and environmentally friendly solutions.

45 https://doi.org/10.52202/077496-0003



Solar Thermal Collectors and Multi-Source Heat Pump Systems

Conflict of Interest

There are no conflicts of interest regarding the publication of this paper.

https://doi.org/10.52202/077496-0003 46



Solar Thermal Collectors and Multi-Source Heat Pump Systems

References
Chen, Y., Wang, J., Ma, C., & Shi, G. (2019). Multicriteria performance investigations of a
hybrid ground source heat pump system integrated with concentrated photovoltaic
thermal solar collectors. Energy Conversion and Management, 197, 111862.

https://doi.org/10.1016/J.ENCONMAN.2019.111862

Drake Landing Solar Community. Retrieved February 28, 2024, from https://www.dlIsc.ca/

Emmi, G., Tisato, C., Zarrella, A., & De Carli, M. (2016). Multi-source heat pump coupled
with a photovoltaic thermal (PVT) hybrid solar collectors technology: a case study in
residential application. International Journal of Energy Production and Management,

1(4), 382—-392. https://doi.org/10.2495/EQ-V1-N4-382-392

Han, Z., Qu, L., Ma, X,, Song, X., & Ma, C. (2017). Simulation of a multi-source hybrid heat
pump system with seasonal thermal storage in cold regions. Applied Thermal

Engineering, 116, 292-302. https://doi.org/10.1016/J. APPLTHERMALENG.2017.01.057

Kjellsson, E., Hellstrom, G., & Perers, B. (2010). Optimization of systems with the
combination of ground-source heat pump and solar collectors in dwellings. Energy,

35(6), 2667—-2673. https://doi.org/10.1016/J.ENERGY.2009.04.011

Olson, G., & Yu, Y. (2016). Solar thermal collection with seasonal storage.

http://www.seasonalstoragetech.com/papers/ASES%20Paper%20-%20Final%20June%

2030.pdf

Olson, G., & Yu, Y. (2017). Optimized design of solar/air collection and storage systems for
HVAC.

http://www.sstusa.net/papers/Optimized%20Design%200f%20Solar%200r%20Air%20C

ollection%20and%20Storage%20Systems%20for%20%20HVAC.pdf

47 https://doi.org/10.52202/077496-0003



Solar Thermal Collectors and Multi-Source Heat Pump Systems

Olson, G., & Yu, Y. (2020). New ways to combine solar thermal with geothermal.

https://doi.org/10.18086/solar.2020.01.06

TRNSYS 18. Retrieved February 28, 2024, from https://www.trnsys.com/

https://doi.org/10.52202/077496-0003 48



Performance Degradation of a 140-kW Solar Panel

An Approach Characterizing the Performance Degradation of a 140 kW Solar
Panel in WV

R. Subnom™
B. Gopalakrishnan'
S. Qiu’
D. Johnson'
H. Li*

"West Virginia University, Morgantown, West Virginia

*rs00081@mix.wuv.edu

49 https://doi.org/10.52202/077496-0004



Performance Degradation of a 140-kW Solar Panel

Abstract

The research presents a methodology for evaluating the degradation of a 140-kW
photovoltaic (PV) solar panel system’s performance in Morgantown, WV. It assumes
that panel’s productivity depends on the solar energy received and the panel efficiency.
To account for daily energy variations, daily electricity production was corrected to the
average of the theoretical solar energy received in that month. The maximum of the
corrected daily production data was considered the best performance of that month.
These monthly best performances were averaged to represent the panel’s yearly
performance and used to assess the performance degradation. The results show that
the yearly average performance of this panel decreased by 2.28% from 2013 to 2016
and then the degradation is 0.17% from 2017 to 2023. This methodology is also based
on the assumption that there is at least one sunny day each month, which may not
always be correct but is likely to occur.

Keywords: PV module, performance degradation, weather, electricity generation
Introduction

In recent decades, renewable energy sources such as solar, wind, hydropower, and
geothermal energy have rapidly been improved and deployed in response to global
warming. Solar is largely unintrusive, and unlike the other main renewable sources, it
can be feasibly installed at smaller non-industrial scales (Sobri et al., 2018).

Typically, a standard PV module has an optimal efficiency of about 10% to 23%, with
the rest of the solar energy being either reflected to the environment or converted into
heat (Musthafa, 2014). Environmental parameters responsible for the declining
performance of a PV module are solar radiation, dust, soiling, atmospheric temperature,
wind velocity, shading, precipitation, and humidity. The presence of dust in the air can
decrease PV efficiency by up to 60% (Santhakumari & Sagar, 2019). Natural or artificial
shades lower the power output of PV panels. High relative humidity leads to the
accumulation of minuscule water droplets and water vapor on solar panels. This
reduces the amount of solar radiation reaching the solar panel, lowering electricity
production. Additionally, PV construction factors, installation factors, operation, and
maintenance also affect the degradation rate of solar panel yearly performance (Hasan
et al., 2022). There are numerous failure modes triggered by different environmental
factors, including module delamination, hotspot failure, corrosion, glass breakage, anti-
reflection coating (ARC) damage, electro-migration in the contact layers and
interconnect, discoloration, and others (Kumar & Kumar, 2017).

The degradation rate of solar panels can be examined each year by experimentally
measuring the efficiency of solar panels, which is a time-consuming process. A
comprehensive 10-year analysis of the degradation rates of PV systems at six different
sites, three located within the United Kingdom and three in Australia, was evaluated
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using a year-on-year (YOY) degradation technique by Dhimish et al. (Dhimish &
Alrashidi, 2020). The research team found that the PV system in the UK displayed
degradation rates ranging from 1.05% to 1.16% per year. On the other hand, their
counterparts in Australia found higher degradation rates within the range of 1.35% to
1.46% per year.

The energy loss and performance degradation of a 200-kW roof-integrated crystalline
PV system installed at IRB Complex-5, Chandigarh, India was studied by the Kumar
research group using the PVsyst simulation tool (Kumar et al., 2019). The estimated
degradation rate of the PV system would lie between 0.6 and 5% per year under local
weather conditions. The yearly capacity factor, performance ratio, and energy losses
are 16.72%, 77.27%, and 26.5%, respectively.

Another study showed that the thin-film PV technology exhibits a significantly lower
yearly degradation rate, nearly 0.1% compared to polycrystalline technology within the
range of 0.67% to 0.83% after 2.5 years of outdoor exposure (Dag & Buker, 2020).

In a degradation study conducted in the semi-arid climate on a 1-MW PV system for
four years, the system efficiency and performance ratio were found to be 11% and
76.46%, respectively (Kumar & Malvoni, 2019).

Sangpongsanont et al. examined the degradation rate of 16 poly-Si PV modules in
outdoor conditions for 15 years in Thailand (Sangpongsanont et al., 2020). The average
degradation rate was found to be 1.47%/year.

Kazem et al. published a literature on the aging measurements of a grid-tied 1.4-kW
solar PV plant located in Oman for a period of seven months (Kazem et al., 2020). They
reported that aging decreased the system efficiency by 6.3% and the production rate to
5.9%. In a 1-MWp solar PV power plant in Andhra Pradesh, India, Navothna et al.
investigated the performance, degradation rate, and power and energy losses
(Navothna & Thotakura, 2022). There are several forecasting methods that can predict
the performance degradation rate of PV solar panel performance. Most forecasting
techniques use artificial neural network and deep neural network models (Ahmed et al.,
2020).

Finally, the references in the existing literature describing degradation analysis in the
United States are very limited. In this study, a new methodology is proposed for
estimating the performance degradation rate of an existing solar array installed at
Mountain Line Transit Authority (MLTA), located in Morgantown, WV. The research
team used this solar power plant project to examine the average solar power plant
performance degradation rate.

However, as years of data on solar panel performance and radiant solar energy
received is required to evaluate degradation in the performance of solar panels, it is
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impossible to calculate the efficiency of a solar panel at a given time unless data on how
much solar energy reached the panel at this time is available.

System Description

The 140-kW PV solar panel system was installed and commissioned on June 12, 2012.
MLTA was awarded $1.1 million to fund a solar power plant project in 2010. The PV
modules are situated in 39°6 N and 79.8° W. A 140-kW solar panel array consisting of
572-piece 245-W polycrystalline PV modules was installed on the roof of MLTA'’s
Morgantown maintenance and administrative facility. One 135-kW inverter is used in the
system to convert the DC power input from the PV array to AC power. The datalogger
collects the real-time performance information from the inverter and sends this
information via internet to the performance monitoring software. The system tilt angle is
12.0 degrees and azimuth angle is 210 degrees.

System Performance

While a general trend over the year can be observed from month to month, the amount
of energy generated each day varies substantially due to dramatic variations in local
weather conditions. Solar extraterrestrial radiation reaching the top of the atmosphere
for each year is calculated using an online calculator provided by Santa Clara University
(Calculation of Extraterrestrial Solar Radiation). The online calculator uses Eq. 1 from
Duffie and Beckman to calculate the solar extraterrestrial radiation (Duffie & Beckman,
2013). Daily extraterrestrial radiation on a horizontal surface in the absence of the
atmosphere, H in a particular location can be calculated by:

(1) H =

w(l + 0.033 cos%) x (cos® cos$ sinw + % sin ¢ sin §)
G, is the solar constant, 1,367 W/m?, w is the sunset hour angle in degrees, @ is the
latitude of the location, § is the solar declination angle, and n is the n'" day of the year.
We can also use the following equations for this calculation:

284+n
365 )

Solar declination angle, 8 = 23.45 sin(360

Sunset hour angle, w = cos™[—tan(8)tan(¢)]

The daily power production and solar irradiation of the study location from January 2023
to December 2023 are presented in Figure 1.
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Fig. 1. Daily electricity production and solar extraterrestrial irradiation

Figure 2 shows the yearly production of electricity from 2012 to 2023. This solar power
plant was installed in June 2012, so the yearly production data of this system in 2012
was low. As shown in Figure 2, the electricity produced in 2020-2023 was much higher
than that in 2018 and 2019. The yearly electricity production cannot be used as a
criterion for evaluating the degradation of solar panel performance.

160,000

—
=
=
=

Annual Electricity Production

120,000

80,000

40,000

2012
2013
2014
2015
2016

<2017

e

Fig. 2. Annual electricity produced from 2013 to 2023

2 2018
2019
2020

2021
2022
2023

Figure 3 shows the variation of the maximum daily electricity produced in each month of
2022, 2020, 2018, 2016, 2014, and 2012. The highest maximum electricity production
was observed in July 2012 (in the 15! year). However, the maximum daily production
data did not always decrease with additional years of service. For example, the
maximum daily electricity produced in May 2016 is 4.14% lower in average than in May
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2018, May 2020, and May 2022. The maximum daily electricity production in October
2018 is 5.22% lower in average than October 2020 and 2022.
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Fig. 3. Actual maximum daily electricity production in each month in 2022, 2020, 2018,
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Figure 4 shows the maximum daily solar power production in each month of 2012-2023.
This figure shows that there is no firm trend in degradation of power production capacity
in each year from 2012-2023.
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Fig. 4. The maximum actual daily production observed in specific months from 2012—
2023

It is concluded that solar panel performance degradation cannot be evaluated using the
actual solar panel production data without considering weather contributions. This gives
us the opportunity to develop a new methodology to characterize the degradation of
solar panel performance using solar panel production data.
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Methodology

This research developed a methodology to assess the degradation of solar panel
performance with time using the daily solar panel productivity data. This methodology
assumes that electricity produced by a solar panel is affected by the solar panel
efficiency and the solar energy received.

This method also assumes that there is at least one perfectly sunny day each month on
which the daily electricity produced is the maximum possible electricity produced in that
day. However, the amount of solar energy received each day in a month is different, so
that affects the electricity production. The difference in electricity production can be
corrected using a standard reference such as average extraterrestrial irradiance each
month. In this research, the power produced each day of a month is corrected using the
average irradiance energy received monthly as a reference. This is defined as
correction-factor-corrected electricity production Ej corrected, calculated using the following
equation:

_ Ei, actual X IAverage
Ei, corrected — I.
i

Where, E; qceuar, Actual electricity produced in it day of the month, kWh

Laverage, Average daily irradiation in the month, %
I;, Extraterrestrial irradiation on the i*" day, KZ
m

Results and Discussion

Figure 5 shows the actual and corrected daily electricity produced using the average
irradiation received in October 2022. The maximum actual daily electricity production is
588 kWh, which was observed on October 9t", 2022.

The corrected electricity produced on October 9" was 549 kWh. In comparison, the
maximum corrected daily production observed was 571 kWh, which was observed on
October 20, 2022. The actual electricity produced on October 20" was 546 kWh, which
was lower than the actual electricity of 588 kWh observed on October 9. The day with
the maximum corrected power production observed may not be the same day on which
the maximum actual production was observed.
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Figure 6 shows the average of the maximum corrected daily production in each month
from 2013 to 2023. The solar panel performance represented by the average of the
maximum corrected daily production in each month was found to decrease rapidly from
2013 to 2016. The averages of the maximum corrected daily production observed in
2013 and 2016 were 706 kWh and 659 kWh respectively. The average yearly
degradation from 2013 to 2016 was 2.28%. In comparison, the degradation of the
averaged maximum corrected daily production in each year observed from 2016 to
2023 was very mild (0.17%). The average of the averaged maximum corrected daily
production observed in each month from 2017 to 2023 was 658.8 kWh, which was
comparable to the 659 kWh observed in 2016.
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Conclusion

This research developed a methodology assessing the degradation of solar panel
performance using daily electricity production data. The performance of the solar panel
was evaluated by examining the maximum corrected daily electricity production data
using the average of the irradiation of that month as a reference. The average of the
maximum corrected daily production data found in each month of a year was used to
represent the best performance of the solar panel in that year and used to assess the
degradation rate of this solar panel array. This method was applied to assess the
performance degradation of a 140-kW solar panel array installed in Morgantown, WV.
The key findings are the following:

e Neither the actual yearly production nor the monthly electricity production of this
solar panel array can be used to assess its degradation due to the significant
variation in weather from year to year.

e From 2013 to 2016, the average yearly degradation of this solar panel system is
2.28%. In comparison, the average yearly degradation of this panel from 2017 to
2023 was comparatively mild (0.17%).

It should be noted that this methodology can only be applied to solar panels installed in
areas where air quality is relatively stable. In the future, the effect of ambient temperature
on solar panel performance should also be evaluated. The research team will continue to
work on this methodology and further improve it to make it more accurate and viable.
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Abstract

In this paper, we present an optimization algorithm for determining the wind-solar
portfolio for electricity generation with minimum emissions in two specific locations in
the U.S., Texas and Arizona. Our model assumes a 1% annual increase in electricity
demand as well as a 12% increase in the population over the next 25 years. The
difference between the 2050 electricity demand and existing generation by nuclear,
water, solar, and wind (which is currently being generated from fossil fuels) will be
replaced by a solar-wind portfolio which will result in the lowest emissions. Our results
show that Maricopa County will achieve its lowest emissions per capita in 2050, when
its renewable electricity is produced with 100% solar and 0% wind, which will result in
402 kg COz2/person. Amarillo will be able to reduce its per capita emissions to as low as
277 kg COz/person with a renewable portfolio consisting of 100% wind and 0% solar.

Keywords: emission intensity of solar power, emission intensity of wind power,
optimization of electricity generation by wind and solar energies, lowest renewable
emissions
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1. Introduction

In 2022, the world consumed 25,530 billion kWh of electricity, of which 4,070 billion kWh
(about 15.9%) was used in the United States (Statista 2023a; U.S. EIA 2023). It has
been projected that by 2050, U.S. electricity consumption will reach 5,178 billion kWh
which is about a 27% increase in the next 27 years, roughly 1% per year. In the next
three decades, the world’s electricity demand is expected to increase at a much higher
rate of 3% per year (Enerdata 2023; Statista 2023b). Furthermore, it is estimated that
about two thirds of the world’s electricity generation in 2050 will be from nuclear and
renewables, with solar and wind showing the highest levels of growth (IER 2023).
Unfortunately, these projections still leave about a 30% share of coal and natural gas in
the world’s electricity portfolio in 2050.

The U.S. National Oceanic and Atmospheric Administration (NOAA) indicated in its
2022 report that while emission-reduction strategies are required in all energy sectors,
there is a growing interest in removing greenhouse gases already in the atmosphere
(NOAA 2022). The report identifies 11 removal strategies including several biological
methods of removing carbon from the oceans and the atmosphere (NOAA 2023). The
continued use of coal and natural gas in the world’s electricity generation through 2050
— during the 25-year transition period — flies in the face of NOAA’s recommendation for
carbon removal. Furthermore, as the world transitions to a massive amount of electricity
generation by solar power and wind power in the next 25 years, the issue of the carbon
footprint of these two renewable sources becomes increasingly more important.

The United States has truly abundant solar and wind resources, as shown in Figures 1
and 2, respectively. However, there are great variations in the amounts of these
resources from one location to another. While the Southwest of the U.S. enjoys
significant solar irradiance (solar peak hours in 6 to 7 kWh/m?/day, the Northeast of the
U.S. receives about 4 kWh/m?/day of sun energy. Similarly, while the sustained average
wind speeds of 9 to 10 m/s (at 30 meters above the surface) are abundant in the U.S.
Midwest region, the sustained wind speeds in the Southeast of the U.S. are in the range
of 4 to 5 m/s and (NREL 2018; NREL 2023).

We previously investigated the emission intensity of wind power generation in one of the
sweet spots of wind energy in the U.S., the panhandle of Texas (Khoie 2021). Our
results showed that a 1.3-MW Nordex windmill operating in Amarillo, Texas produced
14.45 g CO2/kWh. More recently, we developed an LCA model for analyzing the
emissions of solar power generation in one of the sweet spots of solar energy in the
U.S., Phoenix, Arizona (Khoie, 2024a). The results of our model showed that the
emission intensity (total emissions in g COz2/lifetime generation in kWh) of solar power
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generation was 27.41, 36.37, and 40.88 g CO2/kWh depending on whether the solar
panels are manufactured in the U.S., Europe, or China.

Global Horizontal Solar Irradiance
___National Solar Radiation Da Physical Solar Model

Fig. 1. The U.S. solar irradiance map (NREL 2018).
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Fig. 2. The U.S. annual average wind speed at 30-meter elevation (U.S. EERE,
2024).

respectively. We have expanded our solar emissions model with additional details and
the results are reported elsewhere (Khoie, 2024b).

2. Optimization Model

This paper aims to develop a model to produce strategies for the implementation of
wind and solar power in various locations in the U.S. based on local variables as shown
in Fig. 3 and as follows:

(1) Determine the current and projected electricity need of the location.

(2) Subtract the available existing renewable energy, nuclear energy, and
hydropower.

(3) Produce various solar-wind portfolios based on the amount of wind energy and
solar irradiation available.

(4) Determine the carbon emissions of each solar-wind portfolio using the emissions
models we previously developed for solar and wind (Khoie, 2024b; Khoie, 2021).

(5) Search for the optimal solar-wind portfolio for that location which results in lowest
possible emissions.

Fig. 3. Flow chart of the optimization model.

The optimal renewable electricity portfolio in 2050 is then determined as follows:

65
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e Determine the population growth in 2050 by adding 12% to the current population
(U.S. CBO, 2024): Nyop—2050 = 1.12 * Npopp_2024-

e Start with current (2024) total annual generation and determine the electricity
demand in 2050 by adding 1% per year: Eiotqi-gen—2050 = 1.25 * Etorai—gen—2024 -

e Determine the amount of current annual generation by renewables; add existing
nuclear, water, solar, and wind generation from the total current generation:
Erenewable—gen—2024 = Enuclear—gen—2024 + Ewater—gen—2024 + Esolar—gen—2024
+Ewind—gen—2024-

e Determine the amount of renewable generation needed in 2050; subtract the
existing renewable generation from the total generation in 2050:
Erenewable—gen—ZOSO = Etotal—gen—ZOSO - Erenewable—gen—2024- This is the amount of
renewable generation that is needed to be installed by 2050.

e Start with 0% solar and 100% wind combination and evaluate the emissions of the
resulting renewable portfolio. Repeat this process 25 times, adding 4% solar while
reducing wind by 4% each time.

e Determine the per capita emissions of each portfolio by dividing the total emissions
of each portfolio (including the emissions of existing renewables in 2024) by the
population in 2050: Cper—capita—ZOSO = Ctotal—ZOSO/Npop—ZOSO

e Determine the portfolio that results in the lowest per capita emissions.

3. Results

The lifetime emissions of the 1.3-MW Nordex N-60 are 1,870 Mg CO2. With
161,808,798 kWh generated in its 25-year lifespan, the emission intensity of this
windmill is 11.56 g CO2/kWh when operating in Amarillo, Texas (Khoie, 2021). However,
this windmill has a significantly higher emission intensity of 77.59 g CO2/kWh when
operating in Maricopa County due to a drop in average wind speed (from 9 m/s in
Amarillo to 5.6 m/s in Maricopa). Using China’s electricity portfolio (which is close to
those of Singapore’s, where the panels are made) the emission intensity of the REC
Alpha Series 400-W panels (REC 2024) is 40.88 g CO2/kWh for Maricopa County, and
45.82 g CO2/kWh for Amarillo. The above data are tabulated in Table 1.

Table 1. Average wind speed and solar peak hours in Mariposa County, and Amarillo,
along with emission intensities of wind, solar, and nuclear power generations in these

locations
Maricopa Amarillo, Sources
County, Arizona | Texas
Average Wind Speed | 5.6 9 (U.S. EERE,
(m/s) 2024)
(NREL, 2023)
Wind Emissions 77.59 11.56
(g CO2/kWh)
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Average Solar Peak
Hours (kWh/m?/day)

6.5 5.8

(NREL 2018)

China-Made Solar
Panel Emissions (g
CO2/kWh)

40.88 45.82

U.S.-Made Solar
Panel Emissions (g
CO2/kWh)

27.41 30.72

Nuclear Emissions
(g CO2/kWh)

12.0 12.0

(WNA 2024)

With the emission intensities given in Table 1 and the current 2024 data on population,
annual generation, fuel mix, and emissions of electricity generation from each fuel in
Maricopa County and Amarillo, we run 25 simulations based on the algorithm described
above. The results are shown in Fig. 4.

Emissions Per Capita (Tons)

Emissions Per Capita (Tons)
o o o o =
N B ()] o] = N

o

0% 20%

40% 60% 80%

Percentage of Solar Power

—@— Maricopa —@— Amarillo

100% 120%

Fig. 4. The results of simulations for Maricopa County and Amarillo. The horizontal axis

is the percentage of solar power in the portfolio.

Figure 4 shows that for Maricopa County, a 0% solar—100% wind portfolio results in 975
kg CO2/person/year, whereas a 100% solar—0% wind portfolio produces 563 kg
COz2/person/year. This is because while solar peak hours in Maricopa County are 6.5
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kWh/m?/day (near ideal condition), the average wind speed is only 5.6 m/s, which is
rather low for the massive amount of wind power generation.

In contrast, for Amarillo, a 0% solar—100% wind portfolio has significantly less
emissions, 277 kg COz2/person/year, compared to 1093 kg CO2/person/year for a 100%
solar—0% wind portfolio. Again, this is because wind speed of 9 m/s makes Amarillo an
ideal location for wind power generation.

It should be noted that although available solar peak hour in Amarillo is 5.8 kWh/m?/day
which is much higher than many locations in the U.S., but there is no combination of
solar-wind generation that will result in lower emissions than the 0% solar—100% wind
combination.

Table 2 lists the details of the results of our optimization model for Mariposa County and
Amarillo. In this table, we list the population, annual generation, and emissions for these
two locations in the year 2050, and for comparison, we also list the 2024 data.

Table 2: Population, annual generation, and emissions of Mariposa County and Amarillo
in the years 2024 (current portfolio including fossil fuels) and 2050 (optimal portfolio
without fossil fuels)

Maricopa Maricopa Amarillo Amarillo
County, County, Texas in Texas in
Arizona in Arizona in 2024 2050
2024 2050

Population (12% 4,950,000 5,544,000 202,000 226,240

increase by 2050)

(U.S. CBO 2024)

Total Annual 80,076 100,896 4,305 5,424

Generation (GWh)

(1% annual increase

thru 2050)

Annual Generation 16,176 18,199 21,287 23,974

Per Capita

(kWh/person)

Annual Generation 0 0 3,490 0

from Coal (GWh)

Annual Generation 41,360 0 775 0

from Natural Gas

(GWh)

Annual Generation 20 0 0 0

from Other Fossil

Fuels (GWh)

Total Annual 41,380 0 4,265 0

Generation from

Fossil Fuels (GWh)

Total Annual 18,220,000 |0 3,984,560 0
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Emissions from
Fossil Fuels (Tons)

Annual Generation
from Nuclear (GWh)

34,510

34,510

Annual Generation
from Water (GWh)

286

286

Annual Generation
from Wind (GWh)

0

40

5,424

Annual Generation
from Solar (GWh)

3,900

66,100

Total Annual
Generation from
Renewables +
Water + Nuclear
(GWh)

38,696

100,896

40

5,424

Total Annual
Emissions from
Renewables +
Water + Nuclear
(Tons)

576,984

3,119,710

462

62,705

Total All Emissions
(Tons)

18,796,984

3,119,710

3,985,022

62,705

Annual Emissions
Per Capita
(Tons/person)

3.80

0.563

19.73

0.277

% Reduction in Per
Capita Emissions

85.2%

98.6%

The highlights of the results shown in Table 2 are:

e Amarillo, with 19.73 tons/person/year in 2024, has very high per capita
emissions, due to its heavy reliance on coal power generation without any

nuclear or hydropower generation and its minimal use of wind power (40 GWh of
wind).

Maricopa County, with 3.80 tons/person/year in 2024 has significantly lower per
capita emissions in 2024 because of its reliance on nuclear power (34,510 GWh)
and solar power (3,900 GWh).

Amarillo’s optimal electricity portfolio in 2050 will be 100% wind power, which will
result in per capita emissions of only 277 kg COz/person/year. This is a
significant drop (98.6%) in its emission from 2024 levels which is entirely due to
the low emission intensity of wind in Amarillo, one of the sweet spots of wind
energy in the U.S.

Maricopa County’s optimal electricity in 2050 would be a mix of nuclear power
(34,510 GWh) and solar power (66,100 GWh) which gives it 563 kg-
COaz/person/year per capita in emissions. Although this would be a significant
drop of 85.2% from its 2024 levels, it would remain much higher than that of
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Amarillo. This is due to the relatively high emission intensity of solar power
generation in Maricopa County although it is an ideal location for solar energy.

4. Conclusion

The choice of the two locations for this study, Maricopa County and Amarillo, was made
based on their contrasting solar and wind potentials. This choice resulted in each
location having either 100% solar or 100% wind as its optimal renewable portfolio. Our
results show that electricity generation with lowest possible emissions requires
consideration of (1) emission intensities of solar and wind power generation based on
the fuel mix used at the manufacturing site, (2) emission intensities of solar and wind
power at the generation site, and (3) the availability of solar and wind resources at the
generation site. For Amarillo, Texas, a sweet spot for wind power generation, the lowest
renewable emissions are achieved by using 100% wind power in its 2050 renewable
electricity portfolio, whereas for Maricopa County, a sweet spot for solar power
generation, 100% solar power results in lowest emissions. While these results were
expected, our model establishes the validity of such expectations.

Another important takeaway from our results is that for locations with high percentages
of solar power in their renewable electricity portfolios, solar panels that are made in the
U.S. will have significantly lower emissions, as shown in Figure 5. Solar panels made in
China have 563 kg/person emissions, while solar panels made in the U.S. produce 402
kg/person, a 29% decrease in per capita emissions.

Per Capita Emissions with Solar Panels Made in China or U.S.
600 563

500

402
400

300 277 277

200

Per Capita Emissions (kg)

=
o
o

o

Maricopa Amarillo

Location of installed Solar Panels

Made in China ® Madein U.S.
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Fig. 5. For locations such as Maricopa County, Arizona, installing U.S. made solar
panels reduces per capita emissions by 29 percent.

5. Limitations of Our Models and Future Refinements

For limitations of our models for emission intensities of solar power generation see
Khoie (2024a). For wind power generation see Khoie (2021). Additional limitations of
the model presented here are:

(1) The small difference in contribution of emissions due to land transportation of the
solar panels to the two locations was ignored.

(2) In calculating the population of each location in 2050, we used the 12% projected
population growth of the U.S. and ignored local variations as well as possible
migration among various locations (U.S. CBO, 2024).

(3) Using a 1.3-MW windmill to power 260 homes (average of 5 kW per home) requires
power distribution systems which will result not only in losses but also create
additional emissions of the parts and components of the system. Our model does
not take these into account.

(4) The solar power generation used in our model is based on rooftop installation of
400-W panels. Studies have shown that the emissions can be reduced using utility-
scale solar power generation.

Our future work will include incorporating the above in our emission models to more

accurately determine the optimal portfolios for these and other locations throughout the

U.S. (Khoie, 2024c).
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Abstract

The emissions of solar power generation have been extensively researched in the past
three decades (NREL, 2021b). Meanwhile, the solar power generation (especially
rooftop solar systems) in the U.S. and across the world has been rising, a trend that is
expected to continue at a much faster rate in the next several decades. As this trend
continues, the issue of carbon neutrality of solar power becomes even more important,
especially because the catastrophic effects of climate change continue to intensify.

Our model has three components: (a) lifetime power generation model, (b) energy
intensity model for a solar panel including manufacturing, transportation, installation,
operation, and maintenance, and (c) emission model based on several factors including
irradiation power density of the installation site, the fuel mixture used in various
processes in manufacturing steps, and several other variables.

Our preliminary results show that a 400-W solar panel operating in Phoenix, Arizona
takes an input energy of 1,423.34 kWh and produces 21,411.81 kWh in its 25-year
operating life, which corresponds to an average annual generation of 856.47 kWh and
an energy payback period of 1.66 years. Furthermore, the energy intensity of this panel
is 66.47 Wh/kWh. More importantly, the emission intensity of this panel is either 27.41,
36.37, or 40.88 g-CO2/kWh depending on whether it is manufactured in the U.S.,
Europe, and China, respectively.

Keywords: Emission intensity, input energy, solar power generation, carbon footprint of
photovoltaics, solar panel manufacturing

Life Cycle Assessment (LCA) Model

We incorporated the energy input and emissions of 19 processes involved in the life
cycle assessment (LCA) of solar panels. We partitioned these processes into three
main components: (1) manufacturing, (2) transportation, and (3) installation at the
consumer site, as shown in Fig. 1. Our LCA model has three components: (a) lifetime
energy production model, (b) energy intensity model for a 400-W solar panel including
raw material, manufacturing, transportation, installation, operation, and maintenance,
and (c) emission model based on several factors including irradiation power density of
the installation site, fuel mixture used in various processes in manufacturing steps, and
several other variables.

CS ystem CTrans CS ite

S S S S
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System Transportation Installation Site
Manufacturing

Fig. 1. Overall model incorporating emissions from three main components.

1.1. Lifetime Energy Production Model:

The annual solar irradiation energy is given by Eq. 1:

Eirr =365 x5y, * Ay Eq.(1)
where
E;~ = annual irradiation energy received by the panel (kWh),
Syn= solar peak hours of the location (6.5 kWh/m?/day in Phoenix, AZ), and
A, = area of the panel (m?).

The area of the panel is given by Eq 2:
A, =2 Eq.(2)

where
P, = DC power rating of the panel (400 W in this model), and
A,q= panel area power density of REC Alpha Pure Series (216 W/m?) (REC, 2024).

The area of the 400 W is 1.85 m?. The generated DC electricity energy by the panel is
given by Eq. 3:

EgenDC =N * Eyr Eq. 3)
where
E4enpc= annual DC electricity generated by the panel, (kWh) and

n = net conversion efficiency of the panel (varies throughout the life of the panel).

The temperature and aging degradation of the panel are incorporated in the model as
given by Eq 4:

n=no[ ages — (nj - 1) Agc) Eq.(4)
where

no= conversion efficiency in year 0 (21.6%),
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n; = number of years the panel has been in operation, (years j = 1 to 295),

aq-1 = aging degradation coefficient of the panel in year 1 (98%)

aq. = aging degradation coefficient of the panel in years 2 through 25 (-0.25%/year
after year 1)

And finally, the annual AC electricity produced by the panel in years j = 1 to 25 is given

by Eq. 5:

Egenaci =NbCAC * Egenpc Eq.(5)
where
Egenacj = annual AC electricity generated (kWh) in years j = 1 to 25,

nocac = DC to AC inverter efficiency (95%),
The lifetime energy production will then be given by:

25

Lifetime Energy Produced = z Egenacj Eq.(6)
j=1

1.2. Input Energy and Energy Intensity Model

Our model takes into account the contributions of 19 processes to the total energy
required to manufacture, transport, install, and dispose of a 400-W solar panel. The
required energy (also referred to as embodied energy) in the life cycle of the panel from
starting raw materials to its final disposal is given by Eq. 7:

+ Egor + Einv + Erpanw + Errant + Einst + Egor + Eopum
+ Epp Eq.(7)

where (all energy inputs are in kWh)

E = total input energy of the 400-W system,

E, = input energy of metallurgical grade silicon (MG-Si, 9N),
E, = input energy of trichlorosilane (TCS, 11N),

E, = input energy of chemical vapor deposition (CVD),

E; = input energy of monocrystalline wafer (ingot formation, cropping, slicing, and
cleaning),

Egoum = input energy of balance of materials (chemicals, mostly acids)

E, = input energy of cell conversion (n-type diffusion, emitter formation, silicon oxide,
aluminum oxide, anti-reflective coating, ohmic contacts, fingers, and bus bars), (plus 7%
for unusable rejects)
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Es = input energy of panel assembly,
E,;, = input energy of aluminum frame,
E;, = input energy of glass,

Egop = input energy of balance of panel assembly (automatic loading of glass panels,
soldering, pates, testing),

Egos = input energy of balance of system (electrical components, panel wires and
connectors)

Egor = input energy of balance of finished product (preparation, packaging, storage)
E;nv = input energy of inverter,

Erranw = input energy of transportation (over water) of the system to the U.S.,
Errane = input energy of transportation (over land) to the system to installation site,
E;nst = input energy of installation (site preparation, tools),

Eor = input energy of balance of installation (wires, junction boxes, connectors),
Eopy = input energy of operation and maintenance, and

Epp = input energy of decommissioning and disposal.

The numerical values of the above input energies are calculated based on the data
published by a large number of researchers, most notably at the National Renewable
Energy Laboratory (NREL). The original data and the values calculated for a 400-W
system are given in Tables 1, 2, and 3. The sources for the raw data shown in these
tables are (NREL, 2019 a, b, ¢, d) (NREL, 2021a) and others. For a complete list of
references for raw data used in our model, see (Khoie et. al. 2024).

Table 1: Energy input of 6 processes in the fabrication of wafers used in a 400-W solar
panel. The panel consists of 66 wafers (132 half-cut), each with a 17 g weight.

Maijor Symbol | Sub - Process Raw Input Input
Process data energy energy
reported | kWh/wafer | for 400-
W panel
(kWh)
A) MG-Si E, Metal Grade Silicon 1250 5.9 389.33
Total Purity 8N to 9N MJ/kg
(A)
B) Wafer E, Trichlorosilane (TCS) | 15 0.255 16.83
11N kWh/kg
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E, 30 0.51 33.66
Siemens CVD kwh/kg
E; Ingot 0.76 49.50
Egom | Balance of materials 1.04 67.04
E, Cell conversion (+7%) 0.28 18.48
Total 185.51
(B) Wafer Production

Table 2: Energy input of 7 processes in the manufacturing of a 400-W solar panel using

66 wafers.
Major Symbol | Sub - Process Raw Input Input
Process data energy energy of
reported | kWh 400-W
/panel panel
(kWh)
C) Panel Ec Panel assembly 0.42 27.72
Ep Aluminum frame 17 2.05 34.85
kWh/kg | kg/panel
Eg Glass layers 1.7 16.4 27.88
kWh/kg | kg/panel
Total 90.45
(C) Panel Production
Total 275.96
(B+C) Wafers and Panel
Egop Balance of electrical 19% of 52.43
Total energy of wafers and | (B+C)
(BOP) panel
D) Inverter | E;ny 59 % of 193.75
Total (B+C)
(D) Inverter
E) System | Total Sum of 911.73
(E) (A+B+C+BOP+D)
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Egos 10% of 91.17
Balance of system (E)
F) BOS
Egor Packaging, storage, 5% of 45.59
G) Ready etc. (E)
to ship
H) Out the | Total 1048.49
factory

Table 3. Energy input of the remaining six processes, including transportation of a 400-
W panel to the installation site, installation, operation, and maintenance,
decommissioning and disposition.

Major Process | Symbol | Sub - Process Raw data | Input
reported energy
of a
400-W
panel
kWh
Erranw | Transportation over 10 4.81
water (12,000 km) gCO2/Tkm
) Shipping Errane | Transportation over 100 3.07
land (600 km) gCO2/Tkm
Einst 2.5% of 26.21
System Installation (H)
J) Installation Epo: 55% of 5601
Balance of Installation | (H)
K) Operation Eopu 20% of (H) | 209.69
and Inverter

Maintenance

Epp Decommissioning and | 10% of (H) | 104.85

, disposal
L) Disposal

Total LCA Total Sum of (H thru L) 1423.34

1.3. Emissions Intensity Model

The energy supply in the manufacturing, installation, operation, and decommissioning of
a solar panel is 80% electricity, and most of the remaining 20% is non-electricity
sources, which are mostly natural gas (IEA, 2022). To accurately model the emissions
of a solar panel, one must consider each and every one of the 19 processes (in Eq. 7)
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and determine the fuel mixes used in these processes, a task that is extremely involved.
A more reasonable approach is to separate the processes into three groups: (1) the
processes that require mostly electricity energy, (Egigc—intense), (2) the processes that
use mostly non-electricity energy sources ( Exon-grLec—intense) and (3) the
transportation processes ( Errans)- These three groups of energy sources are given by
Egs. 8, 9, and 10, respectively:

EgLEc-INTENSE
=E+ E; + Es+Eys+ Es+ Egop + Egos + Egor + Einy + Einst + Egor + Eopm

+ Epp Eq.(8)
Enon-gLec—intEnsE = Eo + Egom + Ear + Egy, Eq.(9)
Errans = Erranw + Errant Eq.(10)

The resulting emissions are then calculated using Eq. 9:

Co2 = Egrec—intense * CeLec—intEnse + Enon-grLec—inTeEnse * Cnon-EgLEc_INTENSE + ETRANS
* CTrANS Eq.(9)

where (all energy inputs are in kWh)

Co, = total emissions (g-CO2),

Eriec intense = total energy of processes that are electricity intensive (kWh),
Cerec-intense = emissions coefficient of Egjpc inrense €nergy (g-CO2/kWh),
Enon-reLec—inTENsE = total energy of processes that are non-electricity-intensive (kWh),
Cnon-gLec—inTense = €missions coefficient of Exoy—grec—intense €nergy (g-COz/kWh),
Errans = total transportation energy (kWh),

Crrans = emissions coefficient of transportation energy (g-CO2/kWh),

The worldwide energy used in the manufacturing, installation, operation and
decommissioning of a solar panel (Ex gc—ivtense) 1S 80% electricity with the remaining
20% non-electricity sources mainly natural gas (IEA 2022). The Eyon—pLEc—INTENSE
energy sources, vary from one process to another, but are very close to 50% electricity
and 50% natural gas. For Erg4ns the transportation fuels are heavy fuel oil (HFO) for
cargo ships and gasoline for trucks.

We simulated the emission intensity of the 400W solar panel for various scenarios
including panels that are made in the U.S., Europe, China, based on the fuel mix used
in these regions for electricity generation as tabulated in Table 4.

Table 4. Fuel mixes used in electricity generation in the U.S., Europe, and China. For
comparison, the average values of the world are also listed. Other sources are nuclear,
hydro, and renewables.
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uU.S. Europe China World

Coal % 19.5 13.1 63.0 35.7

Oil % 0.5 30.5 1.0 3.0

Natural Gas % | 39.9 26.7 3.0 22.5

Other % 40.1 29.7 33.0 38.8

Sum % 100% 100% 100% 100%

Source (U.S. EIA (IEA 2021) (U.S. EIA (OWID 2020)
2023a) 2021) (IEA 2019)
(U.S. EIA
2023b)

Using the information provided by the U.S. Energy Information agency (U.S. EIA,
2023c) the U.S. electricity generation emission coefficients of coal, natural gas, and
petroleum are 1044 g CO2/kWh, 440 g CO2/kWh, and 1080 g CO2/kWh, respectively.
The average emission coefficient for all sources other than the above (nuclear, hydro,
and renewables) is about 25 g CO2/kWh (U.S. EIA, 2023c).

2. Results

The sweet spot of the U.S. for solar electricity generation is its Southwest region. We
chose the Phoenix area as it is home to 4.95 million people (Statista, 2023). The
Phoenix area has a 6.5 kWh/m?/day solar peak hour resulting in 21,411.81 kWh of AC
electricity over 25 years of operation from the 400-W solar panel which amounts to an
average annual production of 856.47 kWh. With 1423.34 kWh of input energy (Table 3),
the panel’s energy payback is 1.66 years. The energy intensity of this panel is 1,423.34
kWh/21,411.81 kWh, which is 66.47 Wh/kWh.

The input energies of the three groups of processes add up to 1,423,34 kWh as shown
in Table 5, of which 976.56 kWh is electricity (mostly used in manufacturing processes),
438.90 kWh from natural gas (mostly used in the production of metal-grade silicon,
aluminum frame and glass), and 7.88 kWh from oil used in transportation.

Table 5: Input energy of the three groups of processes, Eg;gc—inTENSE »
Enon-ELEC—INTENSE » @Nd Ergpans. All numbers are in kWh.

Process Group Electricity | Natural 0]] Total of
Gas Group

EELEC—INTENSE
Electricity-Intense

Group 716.88 179.22 0.00 896.10
ENon-ELEC-INTENSE
Non-Electricity-

Intense Group 259.68 259.68 0.00 519.35
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ETRANS
Transportation Group 0.00 0.00 7.88 7.88
Total (kWh) 976.56 438.90 7.88 1423.34

The total electricity of 976.56 kWh is produced from four different sources (fuel mixes)
consisting of coal, oil, natural gas, and other sources which include, nuclear, hydro, and
renewables including wind and solar. Table 6 shows the contribution of each source to
the total electricity based on fuel mixes used in the U.S., Europe, and China. The
resulting emissions for electricity used in the processes are shown in Table 7.

Table 6. Amount of electricity generated from each of four fuel types in the U.S.,
Europe, and China. All numbers are in kWh.

Sources of Electricity

Generation U.S. Europe China
Electricity from Coal 190.43 127.93 615.23
Electricity from QOil 4.88 297.85 9.77
Electricity from Natural

Gas 389.65 260.74 29.30
Electricity from Other

Sources 391.60 290.04 322.26

Table 7. Emissions of electricity from each fuel type used in the U.S., Europe, and
China.

Emissions U.S. Europe China
Electricity from Coal (g

CO2) 198,808 | 133,558 642,303
Electricity from QOil (g CO2) 5,273 | 321,679 10,547
Electricity from NG (g

CO2) 171,445 | 114,726 12,891
Electricity from other (g

CO2) 9,790 7,251 8,057
Total Electricity Emission

(g CO2) 385,316 | 577,214 673,797

Adding all emissions from all sources, (shown in Table 8), the total emissions of a 400-
W panels are 586,941 g CO2 and 778,839 g COz, if it is manufactured in the U.S. or
Europe, respectively. However, the same panel, cradle to grave, produces 875,422 g-
COz if it is made in China. With a lifetime electricity generation of 21,411.81 kWh, this
400-W panel has carbon emission intensity of 27.41, 36.37, and 40.88 g CO2/kWh if it
is made in the U.S., Europe, or China, respectively.

Table 8: Total emissions from various sources used in the U.S., Europe, and China.
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Emissions U.S. Europe China
Total Electricity (g CO2) 385,316 | 577,214 673,797
Total Natural Gas (g CO2) | 193,115| 193,115 193,115
Total Oil (g CO2) 8,510 8,510 8,510
Total All groups (g COz2) 586,941 | 778,839 875,422
Emission Intensity
(g CO2/kWh) 27.41 36.37 40.88

3. Conclusion

A 400-W solar panel operating in one of the sweet spots of solar power generation in
the U.S., namely Phoenix, Arizona, takes an input energy of 1,423.34 kWh and
produces 21,411.81 kWh in its 25-year operating life. The energy intensity of this panel
is therefore 66.47 Wh/kWh (=1,423.34 kWh/21,411.81 kWh) and with an average
annual production of 856.47 (=21,411.81 kWh/25 year), it takes 1.66 years (=1,423.34
kWh/856.47 kWh per year) to give its input energy back.

Finally, the emission intensity of this panel (total emissions in g CO2/ lifetime generation
in kWh) is 27.41, 36.37, and 40.88 g CO2/kWh depending on whether it is manufactured
in the U.S., Europe, or China, respectively. Our results, for both energy intensity and
emission intensity, while well within the range of harmonized results reported by NREL
(2021a), are on the lower side of the scale. These underestimations have two main
reasons: (1) the solar panel studied here (as are most rooftop panels available in the
market today) are now about 7% more efficient (~21% in 2024) than they were then
(~14% in 2012), and (2) recent advances in manufacturing of solar panels have resulted
in lower input energy of various processes.
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Extended Abstract

Humanitarian and refugee camps generally rely on inefficient and unsustainable
cooking methods for preparing food and boiling water, such as intensive use of
firewood. Due to this, the communities are contributing to deforestation and suffering
health issues from inhaling the smoke (Demissie et al., 2024; Lahn & Grafham
2015). It is crucial to shift toward sustainable and efficient cooking technologies to
resolve these problems. Providing clean and easy-to-use cooking systems should be
seen as a humanitarian need, allowing organizations to meet their responsibilities
effectively. Solar cookers offer an efficient and environmentally friendly alternative
that can prevent these harmful effects on health and the environment. They play a
central role in decreasing reliance on firewood and fossil fuels, reducing smoke
exposure, and improving the well-being of camp residents.

In previous works by Regattieri (2016) and Mahavar et al. (2012), which also include
a paper presented by Demissie et al. (2024), the potential benefits of solar cookers
in humanitarian contexts have been emphasized.

In particular, a foldable solar cooker that ensured advancements over existing solar
cookers was proposed in the previous study (Demissie et al., 2024). However, some
issues remain concerning its thermal performance, portability, and usability. This
study seeks to overcome these drawbacks by presenting an improved prototype with
enhanced thermal performance and complete portability. By integrating features
such as black coating inside the cooking chamber, cork insulation, and a fully
foldable and lockable design, the improved solar cooker offers a practical solution for
extensive deployment in humanitarian settings.

Indoor lab tests without load were carried out on the original and improved
prototypes shown in Figures 1 and 2, using a metal halide solar simulator (Colarossi
et al., 2021). The simulator produced a constant irradiance of about 850 W/m? during
the tests. The room and stagnation temperatures were recorded with T-type
thermocouples and a Pico-Technology TC-08 datalogger. The effectiveness of both
prototypes was determined by calculating the first figure of merit (F1). As shown in
Figure 3, the upgraded prototype achieved a stagnation temperature of 144.63°C
compared to 109.44°C for the original prototype. Consequently, F1 of the original and
improved prototypes were 0.1 and 0.14°C m*W, respectively. These results highlight
a performance improvement due to design enhancements.

The improved prototype boasts upgrades also over the design of the original solar
cooker. Unlike the original prototype, the enhanced solar cooker has reflectors
supported by ropes without requiring external components, as shown in the open
configuration depicted in Figure 2a. As evident in Figure 2b, all components,
including reflector panels, glass mirrors, and corks, can be conveniently stored inside
the unit due to its design. This compact design ensures transportability and a secure
locking mechanism while relocating the device from one place to another.
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Fig. 2. Improved prototype: a) open configuration and b) closed configuration
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Fig. 3. Stagnation temperature of prototypes tested without load and at a constant
irradiance of 850 W/m?2.
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Abstract

A production analysis of a utility-scale solar system is presented in this paper. This
system is installed as parking lot shade structures with a 7° tilt on a small urban
university campus. It is comprised of 12,780 panels arranged in 45 arrays over eight
locations for a total of 5.35 megawatts DC of capacity. The arrays have different
orientations with most in a south-southeast (162° azimuth) and a west-southwest (252°
azimuth) orientation. Theoretical system performance was determined using a variety of
models available in the open-source pvlib python package (Anderson, 2023; Holmgren,
2018) and compared to a simple irradiance-based effective efficiency model. The
theoretical performance is validated using onsite weather and solar irradiance
measurements. Comparisons of theoretical, measured, and system performance
characteristics are presented in this paper. Knowing real system performance
comparisons to projected performance is an important component of closing the loop to
improve system modeling and design.

Introduction

In May 2022, the University of the Pacific commissioned a 5.35 MW (DC) photovoltaic
power system, with specifications as shown in Table 1. The system was designed to
meet approximately 30% of the campus’ energy generation needs, making the system
the largest in on-campus generation among private universities at the time of
installation. In this work, we present a preliminary analysis of the system bymodeling
one of the subsystems — the arrays of parking Lot 4, also specified in Table 1. In this
modeling, the clear-sky daily production is compared to the actual production of the sub-
system during a summer day, June 21, 2023 (summer solstice), and a winter day,
December 16, 2023 (the nearest clear day to winter solstice).

To comply with California Public Utilities Code for Renewable Energy Self-Generation
Bill Credit Transfer (RES-BCT), the system’s AC output was derated to 4.06 MW from
4.44 kKW (Baird, 2008). This was accomplished by derating the inverters to a maximum
output of 36.6 kW each. This effectively increases the system’s overload ratio and
creates many days of significant clipping. Inverter overloading is a common practice to
maximize a systems output over the course of a year. It can be calculated by:

Array Power [W]

Overload Ratio =
vertoat Rato = 1 verter Power W]

Clipping occurs when the power generated by an array exceeds the power capacity of
the inverter. When a system is designed with an overload, this often occurs on peak
summer days.

Table 1. University of the Pacific's PV system parameters.

Total Lot 4 (Canopy Lot 4 (Canopy Lot 4 (Canopy
Item System 1) 2) 3)
No. of Modules 12780 444 444 504
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No. of Inverters 111 4 4 4
Strings/Inverter n/a 18.5 18.5 18
Azimuth varies 162°
Tilt 7°
Overload Ratio 1.25 (avg) 1.18 1.18 1.34
Module 415/425 W 425W
Ratings
Inverter
Ratings 40 kW (derated to 36.6kW)

Methods

Two different models were used to predict the system output — a simple irradiance-
based effective efficiency model (IBEEM) and the standard models in pvlib python
package (Anderson, 2023; Holmgren, 2018). The simple IBEEM model is now
described.

The AC power output is given as:
/1 * PDC

Pac = |
Ac PAC,max

A is the nominal conversion efficiency of the inverters. If the AC power calculated using

conversion efficiency exceeds the maximum power rating of the inverter, the inverter is

saturated and the output power is capped.

The DC power is predicted by multiplying the measured plane of array (POA) irradiance,
Gy [WIM?], the system’s effective efficiency, 7., the single module panel area, A,
[m?], and the number of modules, N,,:

Ppc =MNeff * Girr - Ap - Ny

The effective efficiency considers the power-based age and temperature effects, as
described in the module datasheet. Effective efficiency is calculated by:

Nerr = Noll + (Tgom — 25)y][ap + (t — Dap]

1o is the module conversion efficiency, T is the back-of-module temperature, y is the
temperature degradation coefficient, «, is the year 1 degradation, t is the
module/system age, and a; is the power degradation coefficient.

Data for this model is provided by the on-site solar resource monitoring equipment
shown in Figure 1. The solar resource monitoring equipment consists of three EKO MS-
80 Class A pyranometers arranged in two plane-of-array orientations (162° and 252° at
7° tilt) and a global horizontal orientation; a back-of-module temperature sensor; and
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weather sensors for temperature, humidity, barometric pressure, wind speed and
direction.

Fig. 1. Solar irradiance and weather monitoring station co-located in University of the
Pacific's parking lot 4.

The pvlib python modeling parameters are summarized in Table 2. As described in Table
1, the Lot 4 arrays create three shade canopies and are connected to 12 inverters. The
size of two of the canopies is identical. To compute the total production of the Lot 4 sub-
system, the single array outputs are multiplied by the corresponding number of
inverters:

Pac,totat = 8Paco + 4Pac1
P,co is the AC power produced by an array of 18.5 modules x 6 strings connected to an
inverter, and P4, is the AC power produced by an array of 18 modules x 7 strings

connected to an inverter.

Table 2. pvlib-python modeling parameters for the Lot 4 sub-system array.

Parameter/Method Value
Latitude 37.98
Longitude -121.31
Time Zone GMT+8
Surface Tilt 7
Azimuth 162
Modules Database CEC
Inverter Database CEC
Mounting Fixed
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Temperature Models

Shading

AOI Model
Spectral Model
GHI/DNI/DHI

sapm,
open rack
glass/glass
0
physical
no loss
clearsky

Results

Both the IBEEM and pvlib python models require irradiance data to predict the system
production. To verify the summer (July 1) and winter (Dec 16) days are clear-sky days,
the predicted clear-sky (from pvlib python) and measured global (GHI) and plane-of-
array (POA) irradiance were compared for two days that represent typical near-peak
summer and winter. Results show excellent agreement as shown in Figure 2.

Measured and Modeled Irradiance Summer/Winter

1000 '
—— Modeled GHI
—— Modeled POA
- 800 ---- Measured GHI
£ ---- Measured POA
= 600
)
c
© 400
©
©
- 200
0
00:00 12:30 00:00 12:30

Time of day (July 01, 2023)
Fig. 2. GHI and POA clear-sky irradiance.

Time of day (Dec. 16, 2023)

Figure 3 shows the predicted from both IBEEM and pvlib and the actual measured AC
power production numbers for the parking lot 4 subsystem arrays.
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Measured and Modeled Production Summer/Winter

—— Actual
---- Predicted (IBEEM)
—-— Predicted (pvlib)

4000001

3000001

2000001

Production (W)

1000001

06:15 12:30 18:45 06:15 12:30 18:45
Time of day (July 01, 2023) Time of day (Dec. 16, 2023)

Fig. 3. Predicted and Actual Lot 4 System Production.

For the winter day, the pvlib model has excellent agreement with the actual production,
with a slight overestimation during the peak of the day. This overestimation agrees with
the slightly less-than-ideal irradiance conditions during peak day as shown in Fig. 2. For
the summer day, the pvlib model overestimates the production significantly. For both
predictions, show the system output clipping due to the inverter capacity. The actual
production also indicates inverter clipping, but at a lower level than expected. This is
likely due to both models not being able to fully account for the inverter efficiency
reductions due to the heating effects of having to dissipate the excess energy.

Conclusions

In this work, the production of a set of arrays, representing a subsystem, was analyzed
and modeled for a 5.35-MW (DC) campus system set up as parking canopy shade
structures. Since this system has inverters that are artificially capped at a lower power
level to comply with non-utility production limits, these inverters are subject to additional
stress to dissipate this extra power. This presents some unique circumstances that will
require additional modeling considerations to accurately represent the actual system
production. While the pvlib model was acceptably accurate for the winter modeling,
where no inverter clipping was present, the model was not as accurate during the
summer day. Future work will focus on determining how this overloading can be
modeled and how this affects the long-term durability of the inverters.
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Abstract

This study delved into the Life Cycle Assessment (LCA) literature review findings
regarding photovoltaic (PV) recycling methodologies. LCAs' boundaries significantly
influence environmental impact categories such as functional units, electricity
consumption, material flows. Regardless of system scale functional unit values of
literature studies are given to compare different system boundaries. This paper
highlights PV module types and LCA tools, noting thermal methods in both ¢c-Si and
CdTe PV technologies yield lower environmental impacts than chemical and mechanical
approaches. Additionally, a delamination process was conducted and LCA results were
analyzed at the laboratory scale using hexane. The delamination success is 99%.
Notably, recycling significantly diminishes environmental footprints compared to
landfilling, with a fraction of Global Warming Potential (GWP) values.

Keywords: Global Warming Potential (GWP), photovoltaic recycling, Life Cycle
Assessment (LCA), environmental Impact, sustainability

Introduction

The increasing diversity in photovoltaic (PV) panel technologies, along with widespread
efforts to enhance existing technologies in terms of efficiency, durability, power, and
other technical specifications, has raised concerns about the environmental
sustainability of solar energy production (Ghosh & Yadav, 2021; Smith et al., 2021).

PV modules play a significant role in promoting renewable energy and reducing the use
of fossil fuels. Additionally, the management of end-of-life modules and the formulation
of necessary policies are crucial factors for ensuring the sustainability of evolving
technologies (Ghosh & Yadav, 2021). Therefore, research is being conducted on PV
module recycling methods and their environmental impacts, especially after their
average 30-year lifespan or in case of premature failures. Environmental impact
categories considered by LCA studies offer quantitative assessment opportunities in this
context. Generally, SimaPro, GaBi, and OpenLCA tools stand out in research (Dias et
al., 2021; Klugmann-Radziemska & Kuczynska-tazewska, 2020; Lim et al., 2022a).

A report published by the IEA and IRENA states that by the year 2050, the world will
face 78 million tons of PV-module waste. Making measures obligatory through legal
regulations by countries will ensure the regulation of increasing waste management
problems in the future (IRENA and IEA, 2016). European Union countries have served
as role models for other countries in terms of setting collection and recycling targets for
PV modules. Although comprehensive legislation is yet to be established, the inclusion
of PV recycling in the EU's Waste Electrical and Electronic Equipment (WEEE) Directive
is seen as a pioneering step. The directive limits recycling responsibility to panel
manufacturers (Chowdhury et al., 2020; Council of the European Union, 2019).

In the United States, there is no comprehensive PV recycling regulation covering all
states (Urbina, 2022). However, California has issued a regulation (Senate Bill 489)
stating that PV module waste is included in universal waste management (Chowdhury
et al., 2020; State of California, 2015). Senate Bill 5939, published by the state of
Washington, discusses tax incentives for recycling renewable energy production
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technologies and the collection of modules. It is noted that reusing materials obtained
from the recycling of PV modules requires less cost than directly using raw materials
and can potentially provide economic returns to countries where recycling is practiced
(Washington State, 2019). However, factors such as waste collection, transportation to
recycling facilities, and the economic and political structures of countries result in
varying levels of economic return. Therefore, there is a need for LCA and feasibility
studies to be diversified through country-specific research.

Literature Review on LCA of PV Recycling

This study delved into the LCA results of PV recycling methods, with a focus on
environmental-impact categories. The boundaries of LCAs, including functional units
(given in Table 1), electricity consumption, material inputs and outputs, directly influence
the environmental impact assessment (Table 1). Irrespective of whether recycling
research is conducted at the laboratory or industrial scale, functional unit values serve
as a crucial reference. Furthermore, the study outlines PV module types and specifies
the LCA tools used.

Ravikumar et al., (2020) compared two scenarios for PV module recycling, highlighting
combination methods as environmentally preferable due to lower impacts in various
categories. Deng, Dias, Lunardi, and Ji (2021) developed a chemical process for
recycling silver from silicon plates and solar panels, assessing environmental impact
categories such as ecotoxicity and climate change. Singh, Powar, and Dhar (2023)
analyzed the LCA of framed c-Si and frameless CdTe modules, emphasizing the
environmental benefits of recycling materials from end-of-life panels. The FRELP
recycling technology, referenced in multiple studies, especially for c-Si modules,
achieves nearly 100% recycling efficiency and is discussed along with its environmental
impacts and transportation logistics (Ganesan & Valderrama, 2022; Dias et al., 2021;
Latunussa, Ardente, Blengini, & Mancini, 2016; Mathur, Singh, & Sutherland, 2020a).

Table 1. Classification of GWP Results of PV Recycling Methods

No Reference Scale Method(s) PV Type GWP Database Functional
(kgCO2 eq) Unit
1 (Ravikumar | Lab Chemical, CdTe 4.70E+00 SimaPro 1 m2
etal., 2020) | scale Thermal, and Ecoinvent
Mechanical
(Probe
sonicator, bath
sonication)
2 | (Dengetal, |Lab Mechanical, c-Si -1.60E+00 | OpenLCA 1000 g
2021) scale Chemical Ecoinvent
(Alkaline, KOH 3.2
etching, HNO3 ReCiPe201
leaching, and 6 Midpoint
electrowinning) (H)
3 (Latunussa | Large Chemical, c-Si 3.70E+02 SimaPro 1000 kg
etal., 2016) | Scale Thermal, and
Mechanical
(Electrolysis,
acid leaching,
incineration)
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(Mathur, Large Chemical, c-Si 2.75E+03 SimaPro 1ton
Singh, & Scale Thermal, and
Sutherland, Mechanical
2020a) (Incineration,
electrolysis)
(Singh et al., | Lab Chemical, c-Si and 4.14E-01 SimaPro 1 kg
2023) Scale Thermal, and CdTe and 5.29E-
Mechanical 01
(Burning,
chemical
solvent)
(Ansanelli, | Large Mechanical, c-Si 3.36 SimaPro 24 tons
Fiorentino, | Scale Chemical, and
Tammaro, & Thermal
Zucaro, Methods
2021)
(Oteng, Zuo, | Large Mechanical, Conventi 1 E+05 SimaPro 1000 kg
& Sharifi Scale Chemical, and onal
2023) Thermal Mono
Methods c-Si
(incineration, Policy -298.64
leaching, Option A
electrolysis) Mono
c-Si
Policy -1 E+06
Option B
Mono
c-Si
(Ganesan & | Lab Mechanical Centraliz -3021 OpenLCA 1 ton
Valderram, | and (Cutting) ed bulk
2022) Large recycling
Scale (c-Si)
Mechanical Decentral -3040
(Cutting) ized bulk
recycling
(c-Si)
Mechanical, High- -3539
Chemical, and Value
Thermal Recyclin
Methods g
(incineration, (FRELP)
leaching, (c-Si)
electrolysis)
(Limetal., Lab Mechanical, c-Si 25 GaBi 1000 waste
2022b) and Chemical, and panels,
Large Thermal each with
Scale Methods 400 mm X
(Incineration, 200 mm
leaching,
electrolysis)
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Experimental PV Delamination Method

Tembo et al. used both acidified and non-acidified hexane for the recovery of PV
modules. The PV sample was exposed to hexane at 25°C for 24 hours, resulting in a
delamination rate of 66%. Brenes et al. in 2023, observed that when samples were
exposed to hexane at 55°C for 30 minutes, the EVA layer swelled slightly, but the c-Si
wafer was not delaminated from the EVA layers.

In this study, c-Si sample was placed in an Erlenmeyer flask containing 100 ml of
hexane as the solvent, and the flask was covered with aluminum foil to prevent vapor
escape. The experiment was conducted in a shaking incubator at 150 rpm for 24 hours.
After 24 hours of exposure to hexane, the sample was filtered, and the separated parts
were cleansed of the chemical. The details of the experimental study are provided in
Table 2.

Table 2. Combination of Chemical and Thermal PV Delamination Method at Lab-Scale

Parameter Value
Chemical Hexane
Chemical Amount 100 ml
PV Sample Weight 6.280 g
Temperature 58°C
Duration 24 hours
Energy Consumption 3.618 kWh
Separated Glass 5.061 g
Glass Separation Observed
Front EVA Separation Observed
c-Si Wafer Not separated from back EVA
Back EVA Not separated from c-Si Wafer
Backsheet Separation Observed

Results and Discussion

In this experimental study, the laminated glass and front EVA layer were easily
separated from each other. The c-Si wafer remained laminated to the back EVA layer
(Figure 1). Under these experimental conditions, the recovery of the glass, front EVA,
and backsheet layers from the c-Si wafer was achieved (Table 3). Therefore,
considering the remaining laminated back EVA weighing 0.287 g, the delamination
success rate over the total mass of 6.28 g was 99%.

Table 3. Mass Distribution of the PV Sample after Delamination

Solution Chemical PV Quantity Energy Glass EVA(s) c-Si | Backsheet
Quantity (9) Consumption | (g) (9) Layer (9)
(ml) (kWh) (9)
Hexane 100 6,280 3,618 5,061 0.574 0.52 0.125
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Fig. 1. APV sample that has been exposed to hexane at 58°C for 24 hours a)
Backsheet b) Glass c) c-Si Wafer + Back EVA d) Front EVA

Considering the 10 studies listed in Table 1, the chemical solvents and energy
consumption employed in the delamination methods for the recycling of CdTe and c-Si
modules directly influence the LCA results. It is understood that CdTe modules entail a
lesser environmental impact compared to ¢-Si modules from similar chemical
applications.

In this study's assessment, the use of strong chemical hexane resulted (compared to
other landfilling parameters, EVA and PET) in higher environmental impact in categories
such as terrestrial acidification, terrestrial ecotoxicity, and land use comparing to other
categories given in Table 4. The prolonged 24-hour processing time to increase the
success of delamination has led to high environmental impact in categories such as
stratospheric ozone depletion, land use, mineral resource scarcity, and water
consumption. The significant reduction in environmental impact resulting from the
recycling of solar glass and multi-Si wafers is particularly notable in categories such as
global warming potential, terrestrial acidification, stratospheric ozone depletion, ozone
formation, and human health.
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Table 4. LCA results of the Experimental Delamination Method

Impact category Landfilling Emission Recovery
EVA PET Hexane | Electricity Solar Multi-Si Total
glass wafer
Global warming | 2.56E-07 | 2.71E-08 | 1.05E-05 | 2.59E-04 | -6.84E-07 | -7.36E- 2.62E-
(kg CO2€eq) 06 04
Stratospheric 6.62E-09 | 9.18E-10 | 3.01E-07 | 9.80E-06 | -8.16E-09 | -3.00E- 9.80E-
ozone depletion 07 06
(kg CFC11 eq)
Ozone formation, | 1.95E-07 | 2.31E-08 | 1.59E-05 | 2.44E-04 | -1.08E-06 | -6.28E- 2.53E-
Human health 06 04
(kg NOx eq)

Terrestrial 1.13E-07 | 1.31E-08 | 6.08E-06 | 2.20E-04 | -8.62E-07 | -4.29E- 2.21E-
acidification 06 04
(kg SO2 eq)

Freshwater 2.30E-07 | 1.28E-08 | 2.11E-05 | 3.43E-04 | -1.50E-07 | -4.79E- 3.59E-

eutrophication 06 04

(kg P eq)

Marine 7.59E-09 | 3.52E-09 | 3.34E-07 | 1.29E-06 | -1.71E-08 | -4.77E- 1.14E-
eutrophication 07 06

(kg N eq)

Terrestrial 9.20E-07 | 1.36E-07 | 5.76E-05 | 3.30E-04 | -1.62E-06 | -4.90E- 3.38E-
ecotoxicity 05 04
(kg 1,4-DCB)

Freshwater 7.31E-08 | 1.14E-08 | 2.86E-06 | 2.27E-05 | -1.12E-07 | -1.84E- 2.37E-
ecotoxicity 06 05
(kg 1,4-DCB)

Land use 8.03E-09 | 1.00E-09 | 4.94E-07 | 5.24E-06 | -2.23E-08 | -2.56E- 5.46E-
(m2a crop eq) 07 06
Mineral resource | 5.12E-11 | 4.81E-12 | 2.61E-09 | 8.91E-09 | -1.07E-10 | -5.54E- 1.09E-

scarcity 10 08

(kg Cu eq)

Water 5.22E-08 | 3.26E-09 | 3.44E-06 | 7.53E-05 | -1.12E-07 | -9.37E- 6.93E-
consumption 06 05
(m°)

The environmental impact of recycling is significantly lower than landfilling, as explained
through the Global Warming Potential (GWP) value in the study by (Lim et al., 2022b).
While landfilling has an environmental GWP impact of 121 kg CO2-eq, the impact of

recycling is nearly one-fifth of this value. Mathur et al., (2020b) report positive
environmental benefits in the recovery of Al, Cu, and Ag metals across all impact

categories such as Ozone depletion, Global warming potential, Acidification,
Eutrophication, Carcinogenics, Non-carcinogenics, and Ecotoxicity excluding ozone

depletion.
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Conclusion

In conclusion, this research underscored the critical role of LCA in evaluating PV
recycling methods. It elucidated the varied environmental impacts associated with
different recycling techniques and PV module types, emphasizing the necessity of
maximizing environmental benefits through material reuse. Thermal methods emerge as
more environmentally benign compared to chemical and mechanical approaches. Metal
recovery processes present challenges due to their ozone-depleting potential,
contrasting with the relatively lower impact of mechanical disassembly. Notably,
recycling markedly reduces environmental burdens compared to landfilling, as
specifically shown by Global Warming Potential (GWP) values. Insights from long-term
studies, particularly regarding CdTe PV technology, elucidate emission patterns and
address concerns about cadmium leakage. Moving forward, holistic approaches to PV
recycling that consider lifecycle impacts and material flows will be instrumental in
fostering sustainable energy practices and mitigating environmental footprints.
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Abstract

Energy efficiency in low-income residential buildings offers significant potential for
reducing both carbon emissions and energy costs. This study develops a machine
learning-based methodology to predict weather-dependent energy savings in low-
income homes, utilizing limited building data. Leveraging detailed simulations from the
National Renewable Energy Laboratory (NREL) and applying a nearest-neighbor
approach, the model estimates potential energy savings for natural gas heating, electric
heating, and electric cooling based on specific building modifications. A two-step
clustering process refines predictions by removing outliers and improving accuracy.
Results highlight that this approach is particularly effective for high-consumption
buildings, which are often found in low-income areas. Additionally, a Python-based
graphical user interface (GUI) enables both professionals and the public to easily
access the results to make informed decisions about energy-saving improvements. This
methodology provides targeted insights for utilities and city planners to prioritize energy-
reduction initiatives, with significant implications for enhancing sustainability and
supporting vulnerable communities.

Keywords: energy savings, machine learning, low-income households, energy
efficiency, building upgrades

Introduction

The pathway to sustainability is multifaceted, with one of the most effective strategies
being the reduction of energy demand. While large-scale deployment of renewable
energy is crucial, reducing energy consumption in existing buildings, particularly in low-
income residential areas, offers significant potential for achieving carbon reduction at a
lower cost. This study employs machine learning techniques to predict weather-
dependent energy savings for low-income residential buildings based on specific
upgrades, using limited building data.

The primary objective of this study is to develop a methodology that uses machine
learning models to estimate potential energy savings for natural gas heating, electric
heating, and electric cooling through various building modifications. By leveraging
detailed energy profiles from the National Renewable Energy Laboratory (NREL) and
comparing them with actual building data from Cincinnati, Ohio, the study aims to
provide reliable savings estimates with minimal data input.

Literature Review

Despite the widespread availability of energy modeling tools, there is a gap in the
literature regarding tools that integrate machine learning with publicly available data to
provide specific upgrade recommendations for low-income households. This study aims
to address this gap by using a nearest-neighbor approach to estimate energy savings
with minimal data requirements.
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Amasyali and El-Gohary (2018) reviewed the application of data-driven techniques in
energy-consumption prediction, highlighting the strengths and limitations of machine
learning models in building energy modeling. Their work underscores the potential of
machine learning in capturing complex patterns in energy use, which this study
leverages by focusing on the data constraints of low-income households (Amasyali &
El-Gohary, 2018).

Ensemble machine learning models combine multiple learning algorithms to improve
predictive performance compared to using a single model. This approach allows for
more accurate energy savings predictions by aggregating the strengths of different
algorithms. In the context of energy efficiency, Doukas (2023) demonstrates that
ensemble models capture diverse patterns of energy consumption across buildings,
which can be particularly beneficial when applied to data with varying characteristics.
The lessons from Doukas' work are reflected in this study's focus on low-income
households, where minimal data inputs are required, making the models accessible and
practical for implementation at scale (Doukas, 2023).

Hu et al. (2022) discussed the use of k-nearest neighbor estimation in functional
nonparametric regression models. K-nearest neighbor estimation is a nonparametric
method used for classification and regression. The method identifies the k closest
training examples in the data space and uses their values to predict the target variable
for a new instance. Although the research of Hu et al. (2022) is centered on functional
data analysis, it supports the theoretical foundation of this study's approach to energy
savings estimation in residential buildings (Hu, Wang, Liu, & Yu, 2022).

Hallinan et al. (2011) conducted a multivariate analysis of energy consumption that
provides a basis for understanding complex energy-use patterns in residential buildings.
This study builds on their findings by applying advanced machine learning techniques to
predict energy savings with limited data inputs (Hallinan et al., 2011).

Building on these foundational studies, this research employs a nearest-neighbor
approach to provide specific and actionable upgrade recommendations for low-income
households. By leveraging publicly available data and advanced machine learning
techniques, this approach aims to fill a significant gap in the existing literature on energy
efficiency and building energy modeling.

Methods
Data and Model Development

Data from the National Renewable Energy Laboratory (NREL), encompassing 550,000
simulated buildings, approximately 21,000 of which were located in Ohio, were used for
model development. These simulations included detailed information on residential
energy use and building characteristics. Machine learning models were developed using
H20 Flow, an open-source machine learning platform for building predictive models.
These models focused on predicting energy consumption based on features such as
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attic insulation, wall insulation, infiltration, HVAC efficiency, and heating setpoint
adjustments.

Prediction Methodology

The methodology involves comparing actual building data from Cincinnati with NREL's
simulated data through a nearest-neighbor approach. For each building, the 10 most
similar simulated buildings are identified based on criteria such as area, natural gas
heating, electric heating, and electric cooling. Mean savings are calculated for these 10
nearest neighbors.

Variability and Clustering

To address variability in savings estimates, the coefficient of variation (CoV) is used as a
measure of reliability. When CoV exceeds 0.2, indicating significant variability, clustering
is applied to refine the predictions. Clustering groups the nearest neighbors into
subgroups with similar values. In this research, the most common result was to have
one cluster of zero values and one cluster of non-zero values. Clustering can be a good
way of removing outliers. Often in this analysis, it would determine if the prevalent value
is zero or not. If the larger cluster is all zeros, then the mean savings is concluded to be
zero. If not, then the smaller cluster is removed to prevent them from skewing the data.
This two-step clustering process enhances the accuracy of energy savings predictions.

Results

The analysis demonstrated a notable inverse relationship between mean savings and
CoV, particularly in buildings with high energy consumption. This indicates that the
approach is particularly effective in identifying significant energy-saving opportunities in
low-income, high-consumption homes. A Python-based graphical user interface (GUI)
was developed to enable address-specific energy savings queries, providing a
prioritized list of potential upgrades based on estimated mean savings and their
associated CoV.

Discussion

Low-income households often reside in older, less-efficient buildings, leading to
disproportionately high energy costs relative to their income. Targeting these
households for energy efficiency improvements can provide substantial benefits, both in
terms of cost savings and quality of life. While financial constraints may hinder their
ability to implement these upgrades without assistance, this study's findings can guide
policymakers and utility companies in designing targeted support programs. By
prioritizing high-consumption buildings, the methodology ensures that interventions are
both impactful and cost-effective, helping to bridge the gap between energy efficiency
and affordability. The methodology developed in this study offers a scalable and cost-
effective approach to identify and prioritize energy-saving interventions. By using limited
data inputs, the approach overcomes the barrier of resource-intensive traditional audits,
making it accessible and practical for broader use. Focusing on high-consumption
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buildings in low-income areas is essential, as these buildings often present the greatest
opportunities for energy savings and carbon reduction.

Future Work

The next steps involve validating the estimated savings against actual energy
consumption data to refine the methodology further. This validation process is crucial to
ensure the accuracy and applicability of the predictions in real-world scenarios.
Additionally, expanding the model to include more diverse building types and regions
could enhance its generalizability.

Conclusion

This study presents a novel approach to predicting energy savings in low-income
residential buildings using machine learning and limited building data. By focusing on
high-consumption buildings, the methodology provides targeted insights that can help
utilities and city planners prioritize energy reduction initiatives effectively. This approach
not only enhances sustainability but also supports vulnerable communities in achieving
greater energy efficiency.
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Abstract

Summer temperature extremes, particularly when accompanied by high humidity, drive
peaks in power demand that can strain or even lead to failure of power grids. Here, |
use meteorological reanalysis products to show regions where solar and wind
availability were positively correlated with heat during summer 2023 to identify the
potential of renewable energy to meet demand peaks and support energy resilience
during heat waves.

Keywords: heat waves, solar energy, wind energy, grid resilience, global warming
Introduction

Resilience of the electric grid during climate extremes is of increasing concern.
Intermittent renewable sources, mainly solar and wind, are an increasing contributor to
our electricity supply, so their reliability under extreme conditions is critical. Xu et al.
(2024) provide a recent overview of the potential of distributed renewables for climate
resilience, particularly as related to power outages associated with tropical cyclones,
and highlight the need to study the interdependent "risks from escalating climate
extremes and large-scale renewable integration."

Heat waves rank as a leading climate disaster category, and one which is steadily
worsening due to global warming. In 2023, the USA recorded its largest-ever number of
billion-dollar weather and climate disasters (as compiled by the NOAA National Centers
for Environmental Information). Of these, the costliest and most deadly was the
Southern/ Midwestern summer drought and heat wave. Texas, along with the world,
recorded its hottest year on record, and also set a new record for deaths attributable to
heat.

The Electric Reliability Council of Texas (ERCOT), which manages electricity supply for
most of the state, recorded by far its highest electricity demand on record that summer.
This demand was met without major power outages with the help of rapidly rising solar-
generating capacity, which generally provided 10-16% of peak-hour demand, along with
surging battery capacity. As of 2023, Texas had the most wind generation capacity of
any state, and the second-highest solar generation and battery storage capacities,
behind California. Nevertheless, many brief price spikes occurred in the ERCOT real-
time electricity market, suggesting the need for additional clean power along with better
grid management to improve summer grid reliability and reduce customer costs.

To better understand the availability of solar and wind resources during heat waves at
different locations, | extracted hourly weather data for June—September 2023 from the
fifth-generation European atmospheric reanalysis (ERA5), a global product informed by
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extensive station and satellite data along with a state-of-the-art weather-forecast model
(Hersbach et al., 2018; ERA, 2024).

Temperature-Solar Correlation

First, | examined the correlation between the daily mean surface (2m height)
temperature and the daily mean surface downward short-wave radiation flux (Figure
1a). A positive correlation would mean that hot summer days tend to also be more
sunny, providing an ample solar resource that can be tapped to meet peak power
demands. These correlations were, in fact, strongly positive for most land areas,
including the southern, western, and central U.S. generally.

Correlations were more weakly positive for much of the Northeast and upper Mississippi
Basin and were negative for many ocean areas. Inspection of daily power demand and
solar energy output by state from the U.S. Energy Information Administration's Hourly
Grid Electric Monitor for the same period showed patterns consistent with these ERA5
results, with strongly positive correlations between power demand and solar production
in California and Texas, but only weakly positive ones in New York.

Temperature-Wind Correlation

| also computed correlations between daily mean temperature and 100-m height wind

speed (the wind speed was averaged from hourly values as (153)1/3 to better represent
the proportionality of wind power to windspeed cubed) (Figure 1b). This correlation was
near zero over many land and ocean areas, but was strongly positive for a large region
that included the Great Plains, Texas, and eastern Mexico, for which hot days also
tended to be windy. Indeed, in Texas, wind power made important contributions to
evening power generation on many of the hottest days of summer 2023.

Correlations with Humid Heat

Peak power demand depends not only on temperatures but also on humidity levels, with
air at higher wet bulb temperature (WBT) requiring more energy to cool (Guan et al.,
2017). Therefore, | computed hourly WBT from ERA5 2-m temperature, 2-m dew point,
and surface pressure fields, using formulas from Sadeghi et al. (2013). Correlations of
daily mean WBT with solar and wind resources, shown in Figure 2, tended to be less
positive than those for temperature, but were still positive in Texas.

Discussion

While preliminary (and needing to be confirmed by looking at more years and station
data), these findings support the potential of solar and wind deployment, along with
storage, to mitigate the impact of demand peaks during heat waves on grid reliability.
This positive impact on resilience could be quantified for individual power grids, such as
ERCOT, in more detailed follow-up modeling studies.
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To comprehensively assess challenges to energy resilience during heat waves, a variety
of other challenges and opportunities for grid resilience also need to be considered.
Heavy air pollution, much of which is due to burning fossil fuels, reduces the solar
resource substantially (Yang et al., 2022). Further, smoke from massive wildfires, which
covered large parts of eastern North America for much of summer 2023, reduces solar
generation, although also likely reducing the intensity of heatwaves in affected areas
(Gilletly et al., 2023).

Contrarily, the recent implementation of low-sulfur fuel standards for global shipping has
presumably increased solar resource availability, particularly close to shipping lanes,
even while contributing to the acceleration of global warming (Ji et al., 2020). The ability
of reanalysis products such as ERAS to fully capture air pollution and smoke distribution
as they impact solar resources needs to be validated. There are also other natural
hazards whose co-occurrence with heatwaves should be prepared for.

Tropical cyclones can cause widespread destruction of power generation and
transmission facilities, leaving people vulnerable to subsequent heatwaves (Matthews et
al, 2019; Feng et al., 2020). Hailstorms, floods, and droughts are also increasingly likely
to co-occur with heat waves and stress power grids by damaging generation and
transmission facilities (Su et al., 2020; Stone et al., 2021; Yin et al., 2022; Gu et al.,
2022). Resilient design of energy systems could include a diversity of sources and
storage mediums as well as an emphasis on distributed generation (such as household-
scale solar generation and neighborhood microgrids) and capacity for grid-independent
operation during emergencies (Abdin et al., 2019; Bracken et al., 2023; Remund et al.,
2023).

Conclusion

In summary, recent operator experiences and meteorological data support the potential
of renewable energy sources to provide power generation during heat waves. Additional
work is needed to integrate renewables with power storage and transmission
infrastructure for resilience during increasingly frequent and intense climate extremes.

Conflict of Interest
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Figure 1. Correlation with daily-mean temperature for June-September 2023 of daily-mean (a [top]) solar
irradiance and (b [bottom]) wind speed. Positive correlations generally indicate that hot days were likely to
feature above-average solar and/or wind resources.

https://doi.org/10.52202/077496-0011 122



Renewables in Heat Waves

Figure 2. Same as Figure 1, but for daily-mean wet-bulb temperature instead of (dry-bulb) temperature.
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Abstract

Most solar panels are stationary without cleaning systems. However, solar panels’
power-generating efficiency can be significantly impacted by sunlight intensity and
dusts. To remedy this, one method is to maximize the panel’s light-catching ability and
the other is to keep the panel clean. We systematically studied solar panel efficiency
with a panel aligned in different directions relative to the sunlight. We also investigated
the dusts’ effects by measuring the power output under controlled dust coverages. The
results showed that solar panel efficiency can increase by 40% if the panel can follow
the sun. Dust deposition can reduce efficiency by 75%. Information on ambient dust
concentrations was collected at different locations in southern California, including a
house roof, an agriculture field, a highway side, and a cattle ranch. The correlation
between the solar panel efficiency and dust coverage was developed to estimate the
solar farm performance under various dust coverages.

Keywords: solar panel, dust coverage, installation angle
1. Introduction

The escalating threat of global warming has emerged as a paramount concern for our
planet. Governments worldwide are united in their concerted efforts to decelerate the
pace of this phenomenon, striving to bequeath a verdant and sustainable earth to future
generations. A crucial step in this endeavor lies in transitioning away from our reliance
on fossil fuels as the primary energy source and embracing renewable and clean
alternatives. These alternatives encompass a diverse array of options, including solar,
wind, hydroelectric, geothermal, ocean, and bioenergy sources, each offering a
promising path toward a greener and more sustainable future (Aberle et al., 2011; Ang
et al., 2022; Jamalabadi and Xi 2023; Paraschiv and Paraschiv 2023).

The key milestone in the exponential growth of solar and wind energy is illustrated in
Fig. 1a (Jaeger 2021). In 2000, Germany established renewable energy legislation, and
in 2009, the U.S. and China made maijor stimulus investments in renewable energy
(Zhang et al., 2014). After that, new solar and wind energy annual installations matched
fossil fuels for the first time. Solar PV became cost-competitive with fossil fuel power
and the Paris Agreement was established in 2015 (Skjeerseth et al., 2021). In 2021,
renewable energy become cheaper than existing coal power for the first time. Figure 1b
shows the growth of the renewable energy share, which grew from around 20% in 2001
to 82% in 2020 (Benny 2024). Among the renewable energy sources, wind power and
solar PV wave are the two main ones that have been applied. The U.S. has a goal that
the renewable generation will reach 44%—45% of U.S. electricity by 2050. In 2008, solar
energy was only a very small portion of the total renewable energy. Since then, solar
energy has been gradually growing, with the goal that by 2050, 44%—45% of the
renewable energy will be solar power (Jones-Albertus 2021).
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(a) Milestones in solar/wind energy (b) Growth of the renewable energy
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Fig. 1. (a) Key milestones in the exponential growth of solar and wind energy (adapted
from Jaeger (2021)) and (b) Renewable share of annual power capacity expansion
(adapted from Benny (2024)).

Solar power becomes an important player in future power supply. Different factors can
affect solar panel power generation efficiency. The first concern is the degradation of the
solar panel with time. However, previous studies showed that solar panel degradation
after 25 years was less than 20%, which is small when compared with the degradation
rate of other sources of power generation such as the traditional fossil fuel power plant,
which needs periodic repair and maintenance (Aghaei et al., 2022; Noman et al., 2022;
Olczak 2023; Zhang et al., 2021). Even with this degradation, the same panel after 25
years is still expected to generate 80% of the designed power capacity.

The second factor affecting solar efficiency is the solar panel’s orientation relative to the
sunshine (Mamun et al., 2022; Prunier et al., 2023; Sharma et al., 2020). Figure 2
shows the simulated energy production of one kilowatt of solar PV capacity in Los
Angeles, California.

(a) Daily average energy production (W) (b) Annual production (kW)
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Fig. 2. (a) Average energy production in a day (W) and (b) Annual energy production
(KW) (adapted from Zawaydeh 2015).
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In Fig. 2, the solar panel with sunlight tracking generates the highest power, which is
about 650 watts (Zawaydeh, 2015). By comparison, a solar panel with no tracking tilted
south generates 50 watts less power, whereas a panel with no tracking that is flat
generates 150 watts less power. Note that no tracking flat, no tracking tilted east, and
no tracking tilted west generate approximately similar amounts of power (Fig. 2b).
Within a year, the annual energy production of the same panel tracking sunlight
generates 30% or more power than no tracking flat or no tracking tilted south/east/west.

Overall, multiple factors exist affecting solar panel power generation efficiency: wind
speed, ambient temperature, solar intensity, dust accumulation, shading, soiling and
panel orientation. Among these factors, dust deposition and panel face orientation
toward the sunshine can be readily changed. The objective of this study is to better
understand the dust deposition and panel orientation effects on solar panel power
generation. Specific aims include:

(1) To systematically study the factors affecting the power-generating efficiency of

the solar panel with different orientations and dust accumulations

(2) To quantify the effects of ambient dust on solar panel efficiency

(3) To propose strategies to optimize the power-generation efficiency of the solar
panel

2. Method and Materials

An HP-866B anemometer (HoldPeak Inc.) was used to measure the wind speed (Fig.
3a). An electric fan was used to simulate wind (Fig. 3b). AVPC300 particle counter from
ExTech Instruments was used to mirror the number of particles in the air at different
locations (Fig. 3c). The particle counter has six channels, measuring the number of
particles with diameters of 0.3, 0.5, 1.0, 2.5, 5.0, and 10.0 uym, respectively. A 2x2-ft
solar panel from Dokio made from monocrystalline silicon was used to test the power
output under various scenarios (Fig. 3d). Different types of dust particles were
considered, including the natural dust deposited on the panel surface, dirt dust, and
flour power.
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Fig. 3. Experimental methods and instruments: (a) anemometer, (b) electric fan, (c)
particle counter, and (d) solar panel. (Photo credit: Xiuhua Si.)

3. Results

3.1 Dust coverage area and dust particle color
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Figure 4a shows two dust-covered solar panels. A thick layer of dust particles covered
the entire area of the first solar panel. Beside dust particles, there were also kernels,
leaves, and other types of debris accumulated on top of the second panel. Figure 4b
shows three solar panels with different dust coverages in preparation for experimental
tests. Dirt particles were evenly distributed on the first panel. The second panel was
covered with flour powders to assess the color effects. The third panel was covered with
a flour solution that was applied to the panel surface by a brush. Depending on the test
condition, the coverage could be even or scattered, and one layer or multiple layers.

(a) Solar panels with natural dust deposition (b) Solar panels with applied dust particles
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Fig. 4. Experimental results: (a) panels covered by scattered dust particles and fully
covered by a thick layer of mud-like dusts, (b) experimental panels covered by different
particles, (c) power output effects of surface area coverage, and (d) power output
effects of scattered particles and colors of particles. (Photo credit: Xiuhua Si.)

We first compared solar panels fully covered and scatter-covered by dust. Flour
powders were used to cover different regions of the solar panel. The power outputs by
the solar panel were measured, as shown in Fig. 4c. Clearly, the more area was
covered, the less power was generated. Power decreased linearly with increasing
coverage. We also scattered different types of dusts on the panel surface. The more
powder was scattered, the less power was generated.

The color of the dust was also found to affect the power generation of a solar panel. The
lighter the dust color was, the smaller effect it had on the power generation. In Fig. 4d,
the blue line (with the brown asterisk) represents the power generated by the panel
covered with white powders. The red line (with the blue data symbols) represents the
power generated by the panel covered with dirt dust (the brown color). Apparently, the
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white powder has less of a negative effect on the power generation of the solar panel
than the brown dust does.

3.2 Coverage Thickness Effect

We also simulated the situation when the solar panel was covered by a thicker layer of
material, with different numbers of leaves scattered on the solar panel that was already
covered by fine dust particles. It is clearly visible in Figure 5 that the more leaves were
on the panel, the less power was generated, as demonstrated by the power output
variation from Fig. 5a to Fig. 5c. The relatively large area of leaves and their irregular
shapes form shade that can effectively block the sunshine reaching the PV panel.

| i == o

Figure 5. Coverage with dust and leaves: (a) 30% coverage with leaves, (b) 15%
coverage with leaves, and (c) no leaves. (Photo credit: Xiuhua Si.)

When small raindrops fall on the solar panel covered with very fine dust particles, ring-
shaped patterns form. More rain droplets or condensates can form liquid streams,
leaving furrow-shaped patterns. In both conditions, dust coverages with varying
thicknesses can form (Fig. 6a). As alluded to above, the thicker the dust coverage is,
the less power will be generated.

For a partially covered solar panel, if the dust particles are more scattered, will it affect
the total power generation? Figure 6b shows the power output with different amounts of
dust particles. The number of particles did exert a noticeable effect on the power
generation, but when compared with a fully covered panel, this effect is much smaller.
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(a) Coverage thickness
Power output vs. coverage thickness

One layer Two layers 20

1 2 3
Powder spread thickness (1> 2 > 3)

(b) Amount of applied dust particles
One application Two applications Power output vs. different amounts of dirt

1 2 3
Amount of dirt (3>2> 1)

Fig. 6. Coverage layers and amounts of dust: (a) coverage thickness effect due to one
layer or two layers of brushed flour solution 30% coverage with leaves, (b) effect of the
amount of applied dust particles. (Photo credit: Xiuhua Si.)

3.3 Solar Panel Installation Angle Effect

Figure 7 shows photos of solar panels on top of the engineering building at California
Baptist University that were installed in 2018. In the first photo (Fig. 7a), the panels were
installed on top of the roof and parallel to the direction of the roof, facing south. Figure
7b shows the panels installed on slant frames, whose angle is almost straight up
relative to the roof (Fig. 7b). The rightmost photo is a zoomed view of one of the panels
in Fig. 7b. Compared with the panels in Fig. 7a, where there is a much smaller slope
angle, far fewer dust particles are on the surface of the nearly straight-up panels in Fig.
7b.

(a) On the roof (b) On the rack with large slope angle ZoGmedview

Fig. 7. Panel installation angle: (a) on the roof, and (b) on the rack with a large slope
angle (Photo credit: Xiuhua Si.)

A
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Figure 8 shows photos of the experimental solar panels with different amounts of dust
particles on the surface. The power output decreases with increasing dust mass.
Furthermore, this relationship is not strictly linear. This might be due to the fact that
some particles pile up without spreading.

Fig. 8. Nonlinear panel output vs. applled dust amount (Photo credlt Xluhua Si.)
3.3 Ambient Dust at Different Locations

It is crucial to know what kinds of dust aerosols are there and how many dust particles
will be deposited on the solar panels. To research this question, we visited different
solar farms in southern California. The first was in a parking lot in Riverside city suburb.
The second was on top of a four-floor parking structure near a highway. The third was in
a desert area. The fourth was on a mountainside (Fig. 9a). A particle counter was used
to measure the particle-size distribution of the ambient air. Particles smaller than 1.0 ym
can easily follow the airflow. If the ambient aerosol has more particles above 1.0 ym, the
panels will be likely to collect more particles.

(a) Different locations (b) Dust particle measurements

12000
u Suburb parking

10000 u Highway side garage 4th floor
m Desert
8000
= Mountain side
6000
4000
2000 I|I

5 10

Particle number

Partlcle size (um)

Fig. 9. Ambient dust measurements: (a) different locations, (b) particle count
measurement (Photo credit: Xiuhua Si.)
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Table 1. Dust size distribution at different locations

Suburb Highway side
PM (um) parking garage Desert Mountain side
4th floor

0.3 4765 11290 11386 10096

0.5 1545 3682 3791 3447

1.0 389 979 1031 941

25 78 182 197 205

5.0 11 12 19 26

10.0 6 4 11 9

As shown in Table 1 and Fig. 9b, the number of particles in the desert area is slightly
larger than the number of particles on the mountainside and at the highway-side parking
structure and much larger than that at the suburb parking. Especially for PM2.5 (i.e.,
particulates < 2.5 ym in diameter), the number of particles in the desert, highway-side
parking structure, and mountainside are more than twice that at the suburb parking.
Based on these data, the frequency of panel dust cleaning can be calculated to ensure
optimal power generation with minimized incurred cleaning costs.

Considering that the desert area is often windy, we used an electric fan to simulate the
effect of wind speeds in the desert area on the measurement of the particle counter
(Fig. 10a). As shown in Fig. 10b, the higher the wind speed is, the more particles are
measured. Thus, in the desert area, knowledge of the average wind speed is needed to
predict how often those panels need to be cleaned or washed.

(a) Setup with various wind speed

(b) Dust particle measurements
Ambient dusts at different locations
11300
9300
7300
5300

3300 I II
1300
0 T R

0.3 0.5 1.0 25 5.0 10

Particle number

Particle size (um)

™ Series 1 m Series 2 m Series 3 - Series 4

measurement (Photo credit: Xiuhua Si.)
3.5 Panel Orientation Effects in Southern California
Figures 11a and 11b show the solar power output at three orientations on April 12, 2022

in the morning (9 am — noon) and afternoon (noon — 5:45 pm), respectively. The three
orientations considered include: flat (or 0" angle toward the sun in Figs. 11a & 11b), 20°
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tilted from flat toward the sun, and 20° tilted from flat away from the sun. Measurements
were taken every 30 minutes from 9:30 am to 5:45 pm.

(a) 9:30 am - 2:00 pm (b) 1:45 pm - 5:45 pm 20° towards the sun
30 30 0° towards the sun
——————— m 20° away from the sun
25 1 0 al; W 1] 25 =
I_ e -
g 20 s 20
/e
e
2 15 215
=] o
o o
10 10
5 5
0 0
9:30 10:00 10:30 11:00 11:30 12:0012:30 1:00 1:30 2:00 1:45 215 245 315 345 415 445 515 54S
am am am am am pm pm pm pm pm pm  pm pm pm pm pm pm  pm pm
Time of day Time of day
30
: TP
g 20
(c) Slope angle fg 15 I
£ 10

5

0 40 50 60 70 80 90 100 110 120 130

Slope angle (9)
Fig. 11. Power output at three panel orientations: (a) 9:30 am — 2:00 pm; and (b) 1:45

pm — 5:45 pm; and (c) power output at different angles to the direction of the sunshine
at 12:00 pm-1:00 pm.

Clearly, from 11:30 am to 2:00 pm, the flat panel and the panel tilted 20" toward the sun
generated very similar amounts of power, as highlighted by the dashed rectangle in Fig.
11a. However, in the early morning or late afternoon, the panel tilted 20° toward the sun
generated significantly more power, which was 20% more than the flat panel and 75%
more than the panel at 20" away from the sun (Figs. 8a and 8b). This suggests the
importance of the panel orientation, particularly in the early morning or late afternoon
when the sunshine has large incidental angles.

To identify the optimal panel orientation, we gradually changed the panel orientation
angles from flat (0°) toward the south to 40°, 50°, 60°, 70°, 80", till 130° from noon to 2:30
pm. It is clearly observed that panels at an angle of 110" and 120" generate the highest
power, while 40° generated the least, as indicated by the filled arrow in Fig. 11c.
Moreover, the power output increased steadily from 40" to 100°.

4. Conclusion
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1. Panels standing in a more vertical direction will greatly reduce the deposition of
dust.

2. Aperiodic cleaning schedule depending on the dust level of different locations
will greatly enhance the power generation.

3. The average power output of the solar panel at 20" toward the sun is 40% more
than that generated by the same panel at a flat position.

4. The power generated at the optimal angle can be three times more than that
generated at the least effective direction.

5. The flat panel can generate up to 75% more power than the panel tilted 20" away
from the sunshine.

6. A sun-following solar panel can significantly increase power generation. It is more
significant than periodic cleaning in most of the desert areas where dust particles
are scattered on the panel without fully covering it.

7. Power-generation reduction caused by coverage with different types of dirt is less
significant compared with the power-generation reduction based on the
orientation of the panel. The color of the dirt and the total area covered are both
factors to be considered. Periodic cleaning of the panel will increase the power
generation.

Several future studies are warranted. These include designing a programmed cleaning
robot to automatically clean the panel periodically, with a frequency depending on
average wind speeds, dust level, and rainy weather. A sun-following control device
would be designed and installed on existing and future panels. Systematically studying
the effects of temperature, solar insolation, shading, and humidity is necessary to
identify the optimal use of solar power in different areas according to their specific
climates and to provide advice to different local governments for renewable energy-
development plans.
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Abstract

This paper reviews the use of solar heating reflective coatings on building envelopes, focusing
on their ability to improve thermal and electrical performance. It examines their properties,
application methods, and compatibility with different materials. The study highlights how these
coatings reduce heat absorption, lower indoor temperatures, and decrease air conditioning
reliance, with significant energy savings across diverse climates. It also explores the positive
impact of coatings on photovoltaic system efficiency and their potential to reduce peak electricity
demand. The review concludes by identifying future research needs, including long-term
performance studies and innovative material exploration.

Keywords: building performance, building envelopes, solar heating reflective coatings, thermal
performance, electrical performance

1. Introduction

Buildings are among the largest energy consumers, with heating, cooling, lighting, and electrical
systems accounting for over one-third of global energy use. Nearly 40% of total global CO,
emissions can be attributed to the construction and building sectors. The significant energy
consumption by these structures highlights the need for energy-saving measures (Hamilton et
al., 2020). Energy-efficient designs aim to reduce the reliance on fossil fuels, thereby lowering
environmental impacts (Cheekatamarla et al., 2022). These designs incorporate features such
as improved insulation, ventilation, air quality, temperature control, and natural lighting to
optimize the building's energy performance.

By reducing heat loss or gain, energy-efficient buildings create more comfortable indoor
environments while cutting energy usage and greenhouse gas emissions. In a world where
climate change and resource depletion are critical concerns, focusing on energy efficiency in
buildings is not just a preference but a necessity (Council, 2014; Khalvati et al., 2023; Wyon &
Wargocki, 2013). Enhancing the performance of the building envelope — the physical barrier
separating the conditioned interior of a building from the outdoor environment — is a key
strategy to achieve these energy savings. One effective approach is the adoption of innovative
materials like solar heating reflective coatings (SHRCs), which have emerged as a
transformative solution (Zakaria et al., 2023).

SHRCs are applied to the exterior surfaces of buildings to reflect solar radiation. By reducing the
amount of heat absorbed by the buildings, SHRCs lower cooling demands, enhance thermal
comfort, and contribute to environmental sustainability (Zhang et al., 2017). This review paper
will delve into the multifaceted benefits of SHRCs in improving the thermal and electrical
performance of buildings. The objectives of this review are:

1) To analyze the effectiveness of SHRCs in reducing energy consumption and enhancing
thermal comfort in buildings,

2) To evaluate how SHRCs influence the thermal dynamics of building envelopes by
reflecting solar radiation and reducing heat gain,

3) To assess the impact of SHRCs on electrical systems, particularly in reducing energy
consumption for cooling and their interaction with integrated photovoltaic (PV) systems,
and

4) To identify gaps in the current research landscape and suggest directions for future
studies, with a focus on long-term performance, scalability, and integration with other
green building innovations.
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2. Fundamentals of Solar Heating Reflective Coatings

Solar heating reflective coatings (SHRCs) have become a cornerstone in the effort to enhance
building performance. These coatings act by reflecting a large portion of the solar radiation that
would otherwise be absorbed by the building's surfaces, contributing to elevated indoor
temperatures and the need for air conditioning.

2.1 Composition of SHRCs

The composition of SHRCs determines their ability to reflect solar radiation and reduce heat
absorption. The key ingredients of these coatings are pigments, binders, additives, and
solvents, each contributing to the performance and longevity of the coating (McQuown et al.,
2021).

Pigments are the primary components responsible for the reflectivity of the coatings. Titanium
dioxide (TiO), a widely used pigment, is notable for its high reflectivity in the ultraviolet (UV) and
visible light spectrum (Jenree et al., 2019; Shindy, 2016). Pigments can be tailored to meet
aesthetic preferences without compromising on reflective properties, allowing for the creation of
coatings that maintain high solar reflectance across a range of colors (Stuart-Fox et al., 2017).
Binders ensure the adhesion of the coating to the substrate, providing elasticity and durability.
Acrylics, silicones, and polyurethanes are the most commonly used binders in SHRCs due to
their water resistance, flexibility, and suitability for different surfaces (Vicente et al., 2008; Zhou
et al., 2017). Additives such as UV stabilizers, fungicides, and algaecides enhance the durability
of SHRCs. Fire retardants and infrared-reflective pigments are sometimes included to boost
safety and reflectivity, respectively (Soumya et al., 2014). Solvents help dissolve or suspend the
other ingredients, facilitating the application of the coating. Water-based solvents are
environmentally friendly and popular for residential applications, while solvent-based coatings
are used for more demanding environments due to their fast drying times.

Advances in nanotechnology have further improved SHRCs by incorporating nanomaterials that
enhance reflectivity, durability, and self-cleaning properties. This makes SHRCs more resilient to
environmental wear and more effective in reflecting solar radiation.

2.2 Types of SHRCs

SHRCs come in a variety of formulations, each suited to specific applications and environmental
conditions. These include:

1) Acrylic-based coatings are known for their cost-effectiveness, durability, and reflectivity. They
suitable for a range of climates (Muradova et al., 2023).

2) Silicone-based coatings are prized for their excellent weather resistance, especially in humid
environments. They adhere well to metal and concrete surfaces, making them ideal for high-
humidity and water-exposed areas (Abd-Elnaiem et al., 2022).

3) Polyurethane-based coatings are used in industrial settings and high-traffic areas with
superior resistance to physical and chemical wear, polyurethane coatings (Maiti et al., 2021).

4) Elastomeric coatings are highly flexible, elastomeric coatings. They are ideal for surfaces that
experience thermal expansion and contraction. They are commonly used for waterproofing and
reflecting heat from roofs and facades (Nguyen et al., 2020).

5) Ceramic-based coatings offer superior insulation and reflectivity by incorporating ceramic
particles. They are often used in extreme temperature environments due to their ability to reflect
heat and insulate against thermal gain (Murata & Nakatani, 2023).
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Each type of SHRC has unique benefits, and the choice of coating depends on the building’s
material, environmental exposure, and energy efficiency goals.

2.3 Properties of SHRCs

SHRCs are designed with two primary physical properties: high solar reflectivity and high
thermal emissivity. These properties enable SHRCs to reflect solar radiation effectively while
releasing absorbed heat, thus reducing the need for air conditioning.

1) Solar Reflectance: SHRCs typically have a solar reflectance of 70% to 90%, meaning
that they reflect the majority of solar radiation that strikes them. This helps keep building
surfaces cool, reducing the amount of heat transferred indoors (Liu et al., 2022; Speroni
et al., 2022).

2) Thermal Emissivity: SHRCs also have thermal emissivity values ranging from 0.1 to 0.5,
allowing them to emit absorbed heat back into the atmosphere rather than retaining it.
This is particularly beneficial at night when the surface releases accumulated heat,
maintaining a stable indoor temperature (Middel et al., 2020; Zhu et al., 2020).

By reducing both direct and indirect heat gain, SHRCs play a crucial role in improving the
thermal efficiency of buildings, especially in hot climates.

2.4. Thermal Performance Enhancement

The thermal performance of SHRCs is crucial to their effectiveness in reducing energy
consumption. By reflecting solar radiation and emitting absorbed heat, SHRCs can lower the
surface temperatures of treated areas by as much as 30°C compared to untreated surfaces.
This reduction in surface temperature translates to lower indoor temperatures, reducing the
need for air conditioning during peak sunlight hours (Ashhar & Lim, 2023; Mahmoudi et al.,
2022).

In addition to improving indoor comfort, SHRCs also enhance the energy efficiency of buildings
by lowering cooling loads. Studies have shown that SHRCs can reduce energy consumption by
10% to 50%, depending on the building’s design, location, and the type of coating used. These
energy savings also lead to reduced greenhouse gas emissions, making SHRCs a valuable tool
in promoting environmental sustainability (Athmani et al., 2022; Chen et al., 2022; Shapoval et
al., 2022).

2.5 Electrical Performance Implications

The use of SHRCs can also improve the electrical performance of buildings, particularly those
with integrated PV systems (Choi & Choi, 2023). By reducing surface temperatures, SHRCs help
lower the operating temperature of PV panels, thereby reducing efficiency losses caused by heat
(Ekbatani et al., 2024;Hu et al., 2023). This leads to increased energy production and a longer
lifespan for the PV system.

Furthermore, the cooling effect of SHRCs can reduce the need for air conditioning during hot
periods, which often coincide with peak electricity demand. By lowering cooling loads, SHRCs
help reduce stress on the electrical grid, potentially lowering energy costs and minimizing the risk
of power outages.

3. Applications of Solar Heating Reflective Coatings
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SHRCs can be applied to a wide range of building surfaces, including roofs, exterior walls, and
glass windows. Each application requires careful consideration of the building’s materials and
architectural features to maximize the effectiveness of the coating.

3.1 Roof Application

Roofs are particularly well-suited for SHRC application due to their direct exposure to sunlight.
SHRCs can be applied to various roofing materials such as asphalt shingles, metal panels, and
concrete tiles, reducing heat absorption and improving energy efficiency. For example, a
commercial building in Phoenix, Arizona, experienced a 30°C reduction in roof surface
temperature after applying SHRCs, leading to a 22% reduction in cooling energy consumption.

For example, a commercial office building in Phoenix, Arizona experienced a 30°C reduction in
roof surface temperature and a 22% reduction in summer cooling energy consumption after
applying white reflective SHRCs. Similarly, an industrial warehouse in Johannesburg, South
Africa saw a 30% reduction in cooling energy consumption and improved worker comfort after
SHRC application on its metal roof, potentially increasing productivity.

3.2 Exterior Wall Application

SHRCs can also be applied to exterior walls, improving thermal insulation and reducing energy
use. The application process involves cleaning and repairing the wall surface, applying a primer,
and then applying multiple coats of the SHRC for even coverage. In Berlin, Germany, SHRCs
applied to the walls of campus buildings reduced heating and cooling energy consumption by
15%, while in Singapore, combining SHRCs with green roof technology reduced air-conditioning
energy consumption by 25%.

3.3 Glass and Fenestration

Glass surfaces such as windows and skylights can also benefit from SHRCs, which control heat
gain without significantly reducing natural light penetration. Transparent SHRCs were applied to
the glass surfaces of a museum in Rome, ltaly, reducing cooling loads by 20% while maintaining
high levels of natural daylight.

4. Discussion

4.1 Technical Challenges

While SHRCs offer significant benefits, their application poses several technical challenges.
Surface preparation is critical to ensure proper adhesion and performance, requiring meticulous
cleaning and priming.

4.1.1 Technical challenges in the application of SHRCs

While SHRCs provide significant benefits, their application presents technical challenges that
must be addressed to ensure optimal performance. Surface preparation is crucial, as improper
cleaning, priming, or substrate selection can lead to reduced adhesion and performance over
time. Older or weathered building materials may pose challenges during surface preparation,
necessitating more intensive cleaning or specific primers to accommodate material degradation.
Furthermore, achieving an even application of SHRCs is vital to ensuring consistent
performance across the building envelope. Inconsistencies in coating thickness can result in
uneven reflectivity, reduced thermal efficiency, and premature aging of the coating.

Environmental conditions during application also play a critical role in the performance of
SHRCs. Variables such as temperature, humidity, and wind can influence the drying and curing
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process of the coating. High humidity levels may interfere with the adhesion process, leading to
reduced durability, while extreme temperatures can affect the drying rate and bonding strength.
Careful management of these conditions is necessary to ensure a proper application and a
long-lasting coating that will deliver maximum thermal and electrical performance.

4.1.2 Technical challenges in the maintenance of SHRCs

The maintenance of SHRCs also presents challenges, especially regarding the durability of the
coatings in harsh environments. SHRCs can degrade over time due to UV exposure, thermal
cycling, moisture, and airborne pollutants, reducing their solar reflectivity and thermal emissivity
properties. Regular cleaning and periodic reapplication are required to restore their
performance. However, cleaning SHRCs — especially on roofs or other difficult-to-access
surfaces — can be labor-intensive and costly.

Repairs to damaged or worn areas must be conducted carefully to maintain the integrity of the
surrounding coated areas. Moreover, the chemicals used in certain SHRCs or during
maintenance may raise environmental and health concerns, particularly if they contain volatile
organic compounds (VOCs). Ensuring that the coatings, cleaning agents, and solvents used are
environmentally friendly is essential to minimizing the environmental impact of SHRCs while
maintaining their effectiveness.

4.2 Current research gaps

Despite the growing body of research on SHRCs, significant gaps remain in our understanding
of their long-term performance, indoor air quality impact, and integration with other energy-
saving technologies. While initial studies demonstrate the energy-saving potential of SHRCs,
particularly in hot climates, there is a lack of comprehensive data on their performance in
different climatic regions over extended periods. Research is needed to evaluate how SHRCs
hold up over time in varying weather conditions, including areas with high humidity, cold winters,
or frequent rainfall. Such studies would help determine the longevity and cost-effectiveness of
SHRCs in diverse climates.

In addition to thermal performance, the impact of SHRCs on indoor air quality has not been fully
explored. Because SHRCs reflect solar radiation and reduce heat gain, buildings may require
less ventilation to cool indoor spaces. However, reduced air circulation could lead to the
accumulation of indoor air pollutants. Further research is necessary to understand how SHRCs
influence indoor environmental quality and whether additional measures, such as enhanced
ventilation systems, are required to maintain healthy indoor air.

Moreover, the integration of SHRCs with other energy-saving technologies, such as green roofs,
PV systems, and advanced insulation materials, remains underexplored. While the combination
of SHRCs and PV systems has shown promise in increasing energy efficiency, more studies are
needed to assess the synergies between SHRCs and other renewable energy technologies. For
example, integrating SHRCs with green roofs could reduce heat gain while promoting
biodiversity and stormwater management. Additionally, combining SHRCs with advanced
insulation materials could further reduce the need for mechanical cooling, thereby enhancing
the energy performance of buildings.

Comprehensive life cycle assessments (LCAs) are also required to evaluate the environmental
footprint of SHRCs throughout their lifespans. Current research has primarily focused on the
application and short-term benefits of SHRCs, with limited attention given to the energy and
resource consumption during production, transportation, application, maintenance, and
disposal. LCAs would provide a holistic understanding of SHRCs' environmental impact, helping
policymakers, architects, and building owners make informed decisions about their use in
sustainable building projects.
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Another research gap lies in the standardization of performance metrics for SHRCs. Currently,
there are no universally accepted standards for measuring solar reflectance, thermal emissivity,
durability, or environmental impact. Developing standardized test methods and evaluation
criteria would enable more accurate comparisons between different SHRC products, guide
manufacturers in product development, and inform consumers about the best options for their
specific needs.

Finally, as climate change accelerates, it is essential to study the adaptability and resilience of
SHRCs in the face of shifting weather patterns. Extreme weather events, such as heatwaves,
storms, and prolonged droughts, are becoming more frequent, posing new challenges to
building materials. SHRCs must be tested for their ability to withstand these extremes while
continuing to provide effective thermal and electrical performance. Addressing these research
gaps requires a multidisciplinary approach, combining insights from materials science, building
physics, environmental science, and construction engineering. Furthermore, collaboration
between academia, industry, and government agencies is crucial to developing the next
generation of SHRCs that are both efficient and resilient.

5. Conclusion

Solar heating reflective coatings (SHRCs) represent a transformative technology for enhancing
the thermal and electrical performance of buildings. By reflecting solar radiation and emitting
absorbed heat, SHRCs reduce heat gain, lower cooling loads, and improve indoor thermal
comfort. These benefits lead to significant energy savings, lower greenhouse gas emissions,
and a reduced environmental footprint for buildings. As the global push for energy-efficient and
sustainable buildings intensifies, SHRCs offer a promising solution to address the challenges of
energy consumption and climate change in the built environment.

SHRCs leverage their properties of high solar reflectivity and thermal emissivity to create cooler
building surfaces, reducing the amount of heat transferred into the interior. This, in turn, lowers
the demand for mechanical cooling systems, cutting energy consumption and operational costs.
In urban areas, where the heat island effect exacerbates heat buildup, the widespread adoption
of SHRCs could lead to cooler microclimates, improving overall comfort for city residents and
reducing the strain on municipal power grids. The electrical performance implications of SHRCs,
particularly when integrated with PV systems, further enhance their value in sustainable building
design. By reducing the operating temperature of PV panels, SHRCs minimize efficiency losses
and extend the lifespan of the panels, contributing to increased renewable energy generation.
The dual benefit of reducing energy consumption and boosting renewable energy production
makes SHRCs an essential tool in the fight against climate change. However, for SHRCs to
realize their full potential, several challenges must be addressed. The technical difficulties
associated with surface preparation, application, and maintenance require careful attention to
ensure consistent performance over time. Additionally, more research is needed to fill gaps in
our understanding of SHRCs' long-term durability, their impact on indoor air quality, and their
integration with other green building technologies. Standardized performance metrics and
comprehensive life cycle assessments are critical to evaluating the environmental impact of
SHRCs and guiding their widespread adoption in construction projects.

In conclusion, SHRCs offer a strategic approach to improving energy efficiency, enhancing
occupant comfort, and promoting environmental sustainability in buildings. As advancements in
materials science and building technology continue, SHRCs will play an increasingly important
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role in the design and renovation of energy-efficient, climate-resilient buildings. The widespread
adoption of SHRCs, supported by continued innovation and research, can significantly
contribute to global efforts to mitigate the effects of climate change and foster sustainable
development in the construction industry.
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Abstract

This study examines the feasibility of integrating photovoltaic (PV) systems into
residential buildings in Alabama to optimize solar energy use. Using Autodesk Revit
2024 for solar analysis on a prototype model from the U.S. Department of Energy, it
assesses the efficiency, cost benefits, and payback periods of different PV panel types
across five major Alabama cities. Results show substantial variations in energy output
and savings, with payback periods between 11.6 to 14.1 years. Additionally, the study
reviews Alabama’s policy landscape, identifying gaps in net metering and suggesting
improvements, including financial incentives and investment in solar technology. The
findings offer valuable insights for advancing sustainable energy in Alabama’s
residential sector.

Keywords: solar photovoltaic, residential buildings, solar energy, Revit
Introduction

Energy consumption in Alabama’s residential buildings accounts for around 20% of the
state’s total energy use, contributing significantly to carbon dioxide emissions and climate
change (2024 Electricity Rates by State, 2024). Solar energy offers a sustainable solution
by meeting energy needs while reducing CO2 emissions (Alabama, 2024.; Electric Rates &
Providers in Tuscaloosa County, AL, 2024). Developing solar energy in Alabama’s
residential sector is a critical step toward aligning with global shifts to renewable energy
sources.

Alabama'’s climate, with approximately 200 sunny days per year and four to five peak
sunlight hours daily, makes it ideal for solar energy development, particularly rooftop
photovoltaic (PV) systems (Aljundi et al., 2016). The state’s conditions are favorable for
solar production. Installing PV systems on residential rooftops holds significant potential
for leveraging these advantages. However, Alabama’s fragmented regulatory framework
poses challenges. The absence of statewide net metering and reliance on individual utility
companies complicate the adoption of solar energy. While financial incentive programs
like AlabamaSAVES exist (Baghi et al., 2021), regulatory gaps and a lack of
comprehensive data on residential solar installations, especially in cities like Birmingham
and Montgomery, remain hurdles to broader implementation. Despite these challenges,
advancements in solar technology and evolving policies present opportunities for future
solar development in Alabama. As solar panel technology improves and legislation
evolves, the potential for increased adoption of solar energy in the state’s residential
sector grows (Alabama Solar Incentives, 2023; Climate of Alabama, 2024; Jones et al.,
2020).

This study used Autodesk Revit to assess the thermal performance of buildings and
optimize PV panel placement. Revit’s solar analysis tool helped evaluate the sun path
and solar radiation impacts, enhancing solar energy efficiency (Kahle, 2024; Kneifel,
2012). Our analysis focuses on five major Alabama cities, assessing various PV panel
types, energy production capacities, cost savings, and return on investment. Factors
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such as temperature, humidity, and solar irradiance are considered. The findings
highlight the significant potential for energy production and cost savings despite the
regulatory challenges.

Methodology
Residential building model

In this study, we used the U.S. Department of Energy prototypical residential building
model, which can accurately reflect the characteristics of typical residential structures
across various U.S. regions. A single-family residential prototype building model with
three bedrooms was chosen, which aligns with the 2021 International Energy
Conservation Code. lllustrated in Figures 1 and 2, the building's orientation positions its
longer axis east to west, with a length of 12 meters and a width of 9 meters from north
to south, resulting in a total conditioned floor area (CFA) of 108 m2. The ceiling height
on the first floor is set at 2.45 m. The roof, with a 4:12 slope, is equipped with one-foot
overhangs on both the north and south facades, covering the CFA (Kumar et al., 2022).

Area 108 nf

9m

4:12

= —

Fig. 1. Model 3D view of the building model Fig. 2. Roof floor plan view of the
building model

Selected cities and climate conditions

To evaluate the potential and efficacy of solar PV systems across Alabama, this
residential building model was examined in five major cities: Huntsville, Birmingham,
Montgomery, Mobile, and Tuscaloosa. Huntsville, situated in the northern part of
Alabama, experiences a humid subtropical climate, typically cooler than the western city
of Tuscaloosa. Birmingham, located in the central-northern region, shares a similar
climate to Huntsville but tends to have slightly cooler temperatures than the state's
southern cities. Montgomery, positioned centrally, is characterized by hot summers and
mild winters, indicative of its humid subtropical climate. Mobile, at the southern edge of
Alabama, benefits from a Gulf-influenced subtropical climate, with notably hot, humid
summers. Tuscaloosa, located in western Alabama, exhibits a humid subtropical climate
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with hot summers and mild winters, consistent with much of the state. Alabama is
located in climate zone 3A, which is significant for solar PV system consideration
(Larosa, 2024). The geographic and climatic characteristics of these cities are outlined
in Table 1.

Table 1. The geographic information and climate conditions of the five major cities in
Alabama

Reaion Cit Geographic Location Temperature
9 y Latitude | Longitude | Altitude | Highest | Lowest | Average
Northem | Huntsville | 3473 | -86.50 | 581ft | 91°F | 30% | nl°

Central- | gy ingham | 3352 | -86.81 | 597ft | 91°F | 31°F | “0.r-

Northern 70°F

Central | Montgomery | 32.38 -86.30 220 ft 92°F 35°F 5700513-
Southern | Mobile | 3069 | -88.04 | 33ft | 91°F | 40°F 57055F'
Western | Tuscaloosa | 33.219 -87.57 222 ft 94°F 32°F 6705513_

Solar Analysis in Revit

The Solar Analysis plugin for Autodesk Revit is a powerful tool to assess and visualize
solar radiation on buildings. This plugin offers visual feedback through color-coded
maps, indicating solar radiation distribution on building roofs (Kahle, 2024).

Using this Solar Analysis plugin, we evaluated solar radiation on the building model’s
roof through examining cumulative insolation, PV energy, and payback periods,
comparing three types of PV panels integrated within Revit for each city. This analysis
offers valuable insights into the solar energy potential. Here, cumulative insolation refers
to the total amount of solar radiation energy received on the building’s roof over a
specific period, typically measured in kWh/m2. PV energy refers to the estimated energy
production of PV panels, which is based on their placement, size, and efficiency. The
payback period is the duration required for the initial investment in solar PV panels to be
recovered through the savings from the electricity they produce. The analysis also
considered seasonal variations in solar radiation such as daylight duration, cloud cover,
and specific local climate conditions.

In Revit, three types of panels are categorized based on their efficiency and cost: Type
1 with 16.0% efficiency at $2.86 per installed watt; Type 2 with 18.6% efficiency at $3.47
per installed watt; and Type 3 with 20.4% efficiency, also at $3.47 per installed watt. To
calculate the PV energy cost for each city, we used the average electricity cost for
residential buildings in each city expressed in dollars per kilowatt-hour (Padhee & Pal,
2018), as indicated in Table 2.
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Table 2. The average electricity price for residential buildings in the five major cities in

Alabama ($/kWh)

City Huntsville | Birmingham | Montgomery Mobile Tuscaloosa
Electricity
Cost 0.1146 0.1573 0.1174 0.1573 0.1525
Results

As illustrated in Fig. 2(a), the “Study Type” was configured for “Solar Energy-Annual
PV”, and the “Surfaces” was set to “All Roof Exterior Surfaces,” targeting a date range
from 01/01/2023 to 12/31/2023. The “Style” in the results settings was set as “Solar
Analysis Annual Insolation”, and the “Type” was set as “cumulative insolation”, “PV
energy”, and “payback periods (years)” respectively.

Solar Analysis

Study Type{Solar Energy - Annual PV v‘
Surfaces: ‘All Roof Exterior Surfaces V‘
Results

®

PY Energy Production

28,595

kh/Year

$4,289 energy savings
Building Energy Offset

1 20 m? PV panel area
12.1 years payback

L3
B - i Update

R‘esults Settings v24.0.0.
Type: [PV Energy v | [k¥h/m? v|
Style: ‘Solar Analysis Annual PV Energy v‘ .
Export: ‘Insolation csv \/‘ B

(a) Solar Analysis Setting and Results interface

Study Settings

Weather Data:

Analysis
Peried:

Building Area:

Building
Energy:

Electricity
Cost:

Panel Type:

Coverage:
FPayhack Filter:

Analysis Grid:

https://doi.org/10.52202/077496-0014

? x

ID 1035386 — Tuscaloosa, AL

Full Annual

<user entered> |0 n?

EUI |0 kWhin® fyear
$0.15 / k¥h 0.0 % escalation
[1e. 0% $2.88/Installed Watt ~]
|100% of selected surface area |
1w Wty
|50 vear payback limit |

1 o
|2. 85 foot grid, 140 a#alysis points |

Coarse - Fre

(b) Study settings
Fig. 3. Solar Analysis Setting and Results Interface
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Also, adjustments to the average residential electricity cost were made through the
“‘Double gears” icon, identified as the study settings, shown in Fig 3(b). Fig. 3(a) shows
the cumulative insolation results in Tuscaloosa. The analysis began upon selecting the
“Update” option, and upon its completion, the results were summarized in the Solar
Analysis dialog and visualized in a 3D view. Fig. 4 shows the 3D view of the solar
analysis results. Yellow or orange color indicates that the area or surface receives a
moderate amount of sunlight and is in a partially sunlit area. All results, including annual
cumulative insolation, PV energy production, energy savings, and payback periods for
the building model across five cities, will be summarized and elaborated on in the
subsequent sections.

Solar Energy (kWh/m?2)

1621

1500 —

R

Project Location: Tuscaloosa, AL
Sun study start date time: 1/1/2023 12:00:00 AM
Sun study end date time: 12/31/2023 12:00:00 AM

Cumulative Insolation

Fig. 4. 3D view of the solar analysis results

Solar Energy

Table 3 presents the annual solar irradiance data for five cities in Alabama. Montgomery
receives the highest amount of sunlight, with 180,638 kWh, which is 17% higher than
Huntsville, the city receiving the lowest, at 153,898 kWh. Similar amounts of solar
energy arrive at Birmingham, Mobile, and Tuscaloosa, with the differences among these
three cities being less than 1.2%. These variations demonstrate the significance of
geographical location and local climate in evaluating solar energy potential across
different areas.

Table 3. Annual cumulative Insolation for the five cities (kWh)

Huntsville Birmingham Montgomery Mobile Tuscaloosa
153,898 177,691 180,638 179,891 179,197
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PV Energy Production

Figure 5 reveals that the annual potential solar energy output from PV systems varies
across Alabama. As the efficiency of PV panels increases from 16.0% to 20.4%, the
annual PV energy production in Huntsville, Birmingham, Montgomery, Mobile, and
Tuscaloosa increases by 6,754 kWh, 7,789 kWh, 7,926 kWh, 7,894 kWh, and 7,863
kWh, respectively. Higher efficiency PV modules, with improved conversion rates, can
increase energy production. These results illustrate a clear efficiency-cost correlation.
Regardless of the type applied to the residential building model, the annual PV energy
production in Montgomery is always the highest, while that in Huntsville is the lowest.
For instance, using Type 3 PV, Montgomery’s output of 36,750 kWh surpasses
Huntsville’s output of 31,315 kWh by 5,435 kWh. This is because the flat terrain of
Montgomery provides optimal conditions for PV installations, allowing for more
exposure to sunlight and more efficient energy conversion, which is aligned with the
maximum amount of sunlight received in Montgomery.

mType1 mType2 mType3

36,152 36,750 36,599 36,458

33,508 33,241

< 35,000 33,370
31,315
28,552 | 28,354 28,8 28,705 28,595

25,000 24561
20,000
15,000
10,000

5,000

Huntsville  Birmingham Montgomery Mobile Tuscaloosa

w
o
©
o
o

Annual PV Energy Production (kWh)

Fig. 5. Annual PV energy production for the five cities

Energy Savings

Figure 6 demonstrates that higher-efficiency panels with higher installation costs will
save more money in the field. Mobile has the highest energy savings, which range from
$4,593 to $5,856 per year (increased by $1,263) based on PV Type 16.0%- to 20.4%-
efficiency panels. In comparison, Huntsville has the least energy savings, ranging from
$2,702 to $3,445 (increased by $743). This trend of higher-efficiency panels incurring
greater initial costs reflects a widespread market phenomenon which is due to the
sophisticated technology and materials required for superior performance, a factor that
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remains constant across different locations. We believe that higher-efficiency panels
with higher installation costs can be used in each city. However, the extent to which this
translates into cost-effectiveness for the homeowner can vary by city due to differences
in solar insolation, local electricity rates, and other related factors which affect the
overall savings and payback period.

o, 5,409
I 4,986
R 4,289

- p=

Mobile | ;.29

7=

I « = Type 3

Montgomery NG ¢ 021 aTyesz
———————py

R 5754

=

=

I 3 445

I

I 2 02

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000
Annual Energy Savings ($)

Tuscaloosa

Birmingham

Huntsville

Fig. 6. Annual energy savings for the five cities

Payback Period

From Figure 7, it is noticeable that the payback periods for solar panel installations in
the five cities vary depending on the panel type, electricity costs, and locations. Higher
solar energy production leads to greater electricity savings, reducing the payback period
assuming electricity rates and other conditions are constant. Since Mobile has the
highest energy savings, we should expect Mobile to have a shorter payback period
(14.1 years) compared to the other cities we have analyzed. Huntsville has the lowest
energy savings, so its payback period is also the longest (24.1 years). The difference in
return on investment can be as much as 10 years just because of a few minor changes.
This assumes that the factors like local electricity rates and solar insolation are
favorable and that the increased savings from higher-efficiency panels outweigh the
higher installation costs.
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Fig. 7. Payback periods for the five cities

Discussion

Based on the calculation and analysis of the solar potential in five different cities in
Alabama, we can see:

1) Montgomery, located in central Alabama, receives the highest amount of sunlight and
could generate the highest annual PV energy output: 36,750 kWh. Birmingham (3,6152
kWh), Mobile (3,6599 kWh), and Tuscaloosa (3,6458 kWh) have similar amounts of
solar insolation and annual PV energy outputs. Huntsville, situated in northern Alabama,
receives the lowest amount of sunlight and could generate the lowest annual energy
output: 31,315 kWh. This indicates that more sunshine hours and higher solar radiation
make PV energy systems more efficient due to climatic conditions and geographical
location.

2) Mobile offers the highest energy savings, ranging from $4,593 to $5,856 per year,
based on PV panel efficiency. In contrast, Huntsville has the least energy savings,
ranging from $2,702 to $3,445. Energy production capacity is influenced by the
efficiency of PV panels used. While high-efficiency PV panels come with a higher price
tag, they offer superior solar radiation conversion, leading to greater annual energy
output. This efficiency-to-cost tradeoff plays a vital role in optimizing returns on solar
investments for residential buildings. Therefore, assessing the feasibility of solar PV
installations in Alabama’s homes must take into account both location and technological
advancements to maximize benefits.

3) Mobile and Birmingham have shorter payback periods compared to the other cities,
while Huntsville has the lowest energy savings and the longest payback period. The
findings suggest that the PV systems integrated in residential buildings present a
compelling avenue for advancing sustainable energy practices. While the energy output
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and financial savings vary across different regions, the overall trend indicates a
promising potential for energy independence and economic benefits for homeowners.

Moreover, the analysis has shed light on the critical role of state policies and incentives
in fostering the adoption of solar technologies. According to the Solar Energy Industries
Association, Alabama has experienced significant growth in solar power generation,
which comprised 3% of the state's renewable energy production in 2021 (Solar Energy
Industries Association, 2024). The southeastern and Gulf Coast regions hold the best
solar resources within the state (Alabama Solar Incentives, 2023).

Despite this growth, Alabama's solar landscape faces challenges, including the
dominance of utility-scale solar generation and limited small-scale residential
installations. Alabama's solar capacity growth, primarily through large-scale projects,
contrasts with the nationwide trend of rapid solar expansion supported by federal
policies and cost reductions. The state's approach to solar energy, particularly for
homeowners, is hindered by minimal support from the state legislature and public
utilities commission.

The primary incentives available in Alabama include the following:

1) The AlabamaSAVES loan program provides low-interest loans to Alabama
businesses and nonprofits for energy efficiency and renewable energy projects,
including solar installations.

2) Local utility rebate programs provided by some utility companies in Alabama offer
rebate programs that provide financial incentives for installing solar panels.

3) The federal Solar Investment Tax Credit (ITC) offers a tax credit of 30% of the cost of
installing a solar energy system.

4) Net metering programs are offered by some utilities which credit solar panel owners
for excess electricity generated. This can lead to reduced utility bills over time.

5) Alabama provides a property tax exemption for renewable energy systems, ensuring
that the value added by solar installations does not increase the property taxes (Guide
to Alabama Incentives & Tax Credits, 2024; Why Choose Solar Panels?, 2024; Larosa,
2024).

However, Alabama Power, the largest utility, offers minimal compensation for excess
solar energy generated by residential installations, contributing to longer payback times
for solar panels, among the nation's worst (Whatstheweatherlike, 2024 ). Alabama does
not mandate net metering statewide, although some local utilities may offer such
programs. This restriction makes it difficult for solar owners to receive fair compensation
for the electricity they generate and contribute back to the grid (Baghi et al., 2021).
These factors create a challenging environment for the adoption of solar PV in Alabama,
indicating a need for a strategic reassessment of policy and incentive structures.
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Conclusion

This paper has examined the potential, challenges, and future direction of solar PV
system integration in Alabama, with a focus on residential buildings. The feasibility study
confirms that residential PV systems in Alabama offer a viable strategy for reducing CO2
emissions and utility costs. With payback periods ranging between 11.6 to 14.1 years,
the financial case for PV systems is clear, notwithstanding the initial investment.
However, the study also indicates a unified policy approach is needed to maximize
adoption and effectiveness. Recommendations include implementing statewide net
metering policies, increasing investment in solar technology research, and providing
financial incentives to lower entry barriers for homeowners. The use of Autodesk Revit
2024 for solar analysis demonstrates the importance of software tools in optimizing PV
panel placement and efficiency. While improvements in building energy efficiency
benefit overall energy savings, they do not directly affect the solar radiation received or
the PV panels' efficiency as modeled in this study. These technological advancements
facilitate precise calculations of energy production and savings, empowering
stakeholders to make data-driven decisions.
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Abstract

Lighting strongly influences indoor well-being, yet existing metrics like "Daylight
Autonomy" and "Annual Solar Exposure" overlook circadian light. Research highlights
circadian light's significant impact on human performance, creating a need to explore
spatial factors affecting its distribution. This study examines the influence of surface
reflectance, proximity to windows, windows' optical properties, and gaze direction on
circadian light. Using the Lark Plugin for Grasshopper, simulations were conducted in a
box-model room with ten glazing systems varying in visible transmittance. The results
show that windows with a visible transmittance below 0.3 fail to provide adequate
circadian light unless the gaze is perpendicular. Among surface reflectance factors, wall
reflectance proved more critical than ceiling reflectance in optimizing circadian light
exposure.

Keywords: circadian light, spatial factors, window, wellbeing, daylight

1. Introduction

The impact of circadian light on the well-being of humans has been recently recognized.
Several studies have investigated the effects of circadian light on human well-being,
highlighting its significance and the consequences of insufficient exposure. For
instance, some researchers have noted that circadian rhythm sleep-wake disorders are
common in people suffering from mental disorders and that lighting therapy can help
regulate this disorder (Blume, Garbazza, & Spitschan, 2019). Other research has
proven that circadian cycles govern cellular functions and tissue processes by
regulating gene expression and protein interactions (Grey & Koeffler , 2007). Disruption
of these cycles may influence cancer susceptibility, highlighting the importance of
circadian genes in tumor suppression. The impact of natural light on cognitive
performance, physical activity, and alertness in students and workers has been
discussed in the study (Shishegar & Boubekri, 2016). The study was done by Jao et al.
(2022) also indicated that the ambient indoor lighting condition has positive influences
on behavioral and psychological symptoms in people with dementia (Jao, et al., 2022).
It is evident that indoor lighting is crucial for human well-being, given that Americans
spend approximately 90% of their time indoors (Dodge, Daly, Huyton, & Sanders,
2012).

The intensity and duration of circadian daylight exposure received indoors depend on
several factors, as outlined by Ghaeili, Ardabili et al. (2023). These factors encompass
four key nodes:

¢ Node 1: Daylight source
e Node 2: Optical and morphological characteristics of windows
e Node 3: Optical properties of interior spaces
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e Node 4: Occupant posture and gaze direction

Nodes 1 and 4 represent factors beyond the direct control of engineers and architects.
However, for Node 2, in the context of glazing performance, optical characteristics
encompass light transmittance, reflectance, and absorption, while morphological
characteristics involve physical attributes such as window size, design, and glazing
configuration. Node 3, on the other hand, emphasizes the importance of indoor surface
light reflectance. Consequently, it is essential for professionals to thoroughly address all
relevant aspects of Nodes 2 and 3 to effectively mitigate potential challenges posed by
Nodes 1 and 4 in worst-case scenarios.

Regarding Node 2, various studies have examined this node from different
perspectives. In most studies concerning the optical properties of windows, spectral
transmittance has been the primary focus. For example, a study found no linear
correlation between circadian stimulus and circadian light transmittance (Hraska, 2015).
Similarly, others have suggested that windows could effectively meet indoor health
standards for glazing systems with a visible transmittance (Tvis) above 0.5 (Ghaeili,
Beiglary, Wang, & Jao, 2023). For glazing with Tvis below 0.5, spectral transmittance
weighted by circadian sensitivity provides a precise assessment of window
performance.

On the other hand, architectural factors such as window-to-wall ratio (WWR), window
orientation, and shading have been studied regarding the morphological properties of
windows. For instance, some researchers have found that north windows require a
higher WWR than south ones (Zeng, Sun, & Lin, 2021). Additionally, others noted that
north-facing windows are less affected by changes in sky type compared to south-facing
windows (Song, Jiang, & Cui, 2022). Concerning the impact of shading systems,
research suggests that as long as the shading system does not obstruct the view of the
sky from the window, it does not significantly impact the circadian performance of
windows (Altenberg Vaz & Inanici, 2019). These studies focus on Node 2, and they all
confirm that the impact of these variables is not independent; instead, there is an
interconnected correlation among the variables that also affect the level of transmitted
circadian light.

As noted elsewhere, a similar interconnected correlation exists among the parameters
of Node 3 and Node 4, ultimately influencing the occupants’ exposure to circadian light
within a room (Ghaeili Ardabili, Wang, & Wang, 2023). Node 3, which examines interior
architecture, surface reflectance, and spatial distance from the window, contributes to
the fluctuation in the level and intensity of circadian daylight. Similarly, factors such as
gaze direction and cornea height from Node 4 also impact the amount of exposure to
circadian light. For instance, a study has demonstrated that when the gaze direction
faces the window, there is a more significant reduction in circadian light as the distance
from the window increases (Konis, 2018 ). Conversely, when the gaze is away from the
window, there is less fluctuation in the reduction of circadian light exposure. Research
indicates that wall reflectance is a key factor in determining exposure to circadian light
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(Potocnik & Kosir, 2021).This is not the case when the observer's gaze is perpendicular
to the window.

This study aimed to explore the correlation between gaze direction, distance from the
window, interior surface reflectance, and window Tvis. To achieve this, we utilized a
box-modeled room simulated in Rhino, and the LARK plugin was employed to simulate
various combinations of these variables. This approach allowed us to assess the impact
of these variables and their correlation with circadian light exposure.

2. Methodology

This study involved the consideration of 10 windows selected from the International
Glazing Data Base (IGDB), chosen based on their Tvis values. The objective was to
select one glazing system from each 0.1 interval within the 0 to 1 Tvis range. The
selected windows’ spectral transmittance curves are presented in Fig. 7.

Visible Transmittance

Wavelength (pm)

Tvis=0.039 =-=--- Tvis=0.157

Tvis=0.25 =-==-- Tvis=0.352 Tvis=0.452

----- Tvis=0.553 Tvis=0.65 Tvis=0.751 Tvis=0.85 Tvis=0.925

Fig. 1. Spectral transmittance of the selected glazings.
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Regarding interior surface reflectance, ASHRAE recommendations were followed. The
surface reflectance for ceilings ranged between 70% and 85%. For walls, it was
between 50% and 70%. For floors, it was 20%. These ranges and values were also
adopted for this research, with a 5% step interval for ceilings and a 10% step interval for
walls to provide various scenario combinations.

This analysis was conducted using the LARK Plugin for Grasshopper. A box model
measuring 7*7*3m3 was used, with a window featuring a 30% WWR on the model's
south facade. The simulation was conducted in ASHRAE climate zone 4 in Denver,
Colorado. As part of our simulation, we considered the noon fall equinox.

A grid measuring six by six, spaced 0.5 m away from the room walls, was employed for
simulation. Four gaze directions were considered at each point on the grid:
perpendicular to the window, parallel to the window (facing west and east walls), and
away from the window. These gaze directions are denoted as S, W, E, and N,
respectively.

The grid consists of 36 points, numbered from 1 to 36, for ease of reference in the
paper. Fig. 2 illustrates the location and designation of these points and the four-gaze
directions.

/ 5% 11e 17¢ 234 29¢ 354
7 4¢ 10% 164 224 286 34e

/3@ 9¢ 15¢ i’210 27¢ 3¢

E == === [

|

2% 8% 144 S20e 264 324

71e 7¢ 136 196 254 314

Fig. 2. Plan view: 36 sensors evenly spaced at 1m intervals in a 7x7m? room, 0.5m from
walls.

3. Results

The level of circadian light, represented by m_EDI (melanopic Equivalent Daylight
llluminance), was simulated for each point on the sensor grid and across four gaze
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directions by adjusting wall and ceiling reflectance and window visible transmittance.
The simulated values were analyzed using a decision tree regression to assess the
impact of each variable on m_EDI levels. The decision tree predicts m_EDI by
iteratively splitting the data into smaller subsets based on the most significant feature at
each step. It chooses the feature (such as wall reflectance, ceiling reflectance, or
window transmittance) and a threshold value that best separates the data, reducing the
variance of m_EDI within each new subset. By minimizing the variance, the tree
ensures that the resulting subsets contain data points that are more similar in terms of
their m_EDI values, leading to more accurate predictions. At each "split," the tree
focuses on improving how well the model can predict m_EDI, ultimately breaking the
data into groups that best explain the relationship between the variables and circadian
light levels.

As depicted in Fig. 3, the gaze direction is the most influential parameter, followed by
Tvis, in determining the condition of whether the space meets the required m_EDI
levels. In cases where the gaze direction is perpendicular to the window, regardless of
Tvis value, exposure exceeds the 250 melanopic lux standard established by the WELL
Building Standard (Circadian Lighting Design, 2022). However, if the gaze direction
deviates from the perpendicular and Tvis falls below 0.301, circadian light exposure is
below the threshold at 86.4 Lux.

Moreover, for points numbered above 30 that are positioned adjacent to the wall, a gaze
direction parallel to the window facing the west wall yields higher circadian light
compared to other directions. This may be due to the wall's obstruction of the south
gaze direction, which makes the west direction a superior option. For finer adjustments,
considering a southwest direction may offer even better results.

""""" WE GazeD.=S "7 Yes[ T
Tvis>=0.503 i Tvis>=0.503
Tvis>=0.301 Location>=30 Tvis>=0.301 Tvis>=0.701

86:.4 : Gaze:D.=W :
Lo:catic;)n=<:32
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Fig. 3. Using Decision Tree Regression to assess the influence of variables on the level
of m_EDI.

Since surface reflectance did not appear in the decision tree plot, it indicates that
surface reflectance has a minimal effect on the amount of m_EDI. To provide a clearer
understanding of m_EDI variations across different wall and ceiling reflectance groups,
side-by-side box plots were generated. Figures 4a and 4c show that the impact of
surface reflectance on m_EDI distribution is limited, and there are a series of outliers.
Most outliers in the upper whisker of the plot are due to sensor points located in rows
adjacent to the window. Consequently, data from the first three rows of the sensor grid
were excluded to analyze further and check the impact of surface reflectance on
circadian light in the deeper part of the room.

In Figures 4b and 4d, despite removing the first three rows, some outlier data points
remain, especially when looking directly at the window. However, the reflectance of the
walls becomes a significant factor in various scenarios, such as in areas far from the
window and when the gaze direction is not perpendicular. A notable trend indicates that
for every 10% increase in wall surface reflectance, there is approximately a 9% increase
in m_EDI levels. In contrast, ceiling reflectance exhibits less pronounced effects on
m_EDI levels.

Table 1 presents a more detailed examination of the impact of surface reflectance
variation on the second half of the room.
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Fig. 4. The m_EDI values distribution for different sensor points in simulation grids: a) all
sensor points according to the wall reflectance, b) 18 sensor points in the second half of
the room according to the wall reflectance, c) all sensor points according to the ceiling
reflectance, d) 18 sensor points in the second half of the room according to the ceiling

reflectance.
Table 1. Summary statistics of m_EDI by surface reflectance
Surface conditions m-EDI values Percentage
Type Reflectance Mean Std Dev  Variance variance
(relative to lowest
reflectance)
Wall 50% 4947713 601.8083 362173.2 -
60% 516.8984 603.9540 364760.5 4.47
70% 539.6673 607.9916 369653.8 9.07
80% 562.2699 611.9694 374506.6 13.64
Ceiling 70% 524.2582 602.5969 363123.0 -
75% 527.1096 605.3231 366416.0 0.54
80% 529.7859 608.8238 370666.4 1.05
85% 532.4531 611.0561 373389.5 1.56

The decision tree classification assessed the importance of various spatial variables,
focusing on room depth and its influence on circadian light distribution. The analysis
concentrated on the second half of the room, applying a 250 melanopic lux threshold to
categorize data. Measurements below this threshold were labeled as 0 (insufficient
light), and those equal to or above were labeled 1 (sufficient light). The decision tree
plot visually distinguished these categories, with white nodes representing sufficient
light and black nodes indicating insufficient light. Node percentages indicated how
conditions met the threshold; for instance, 90.78% of cases with Tvis above 0.301 and a
gaze direction of east, south, or west met the 250 lux threshold.
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Fig. 5. Using Decision Tree Classification to assess the influence of variables on the
level of m_EDI in the second half of the room.

As illustrated in Fig. 5, Tvis emerges as the most influential variable. In 83.41% of
instances where Tvis falls below 0.301, and the gaze direction is non-perpendicular to
the window, the exposure to circadian light remains below 250 Lux. Furthermore, when
the gaze direction is away from the window, and Tvis exceeds 0.602, the threshold is
met in 81.51% of cases. Furthermore, for cases where Tvis is above 0.301, and the
gaze direction is not opposite the window, the windows meet the threshold for 90.78%
of cases.

4. Conclusion

The exploration of circadian daylight encompasses a multitude of interconnected
parameters, reflecting the complexity of indoor circadian lighting dynamics. There is an
urgent need for a standardized metric to measure indoor circadian light distribution and
ensure healthy indoor environments. This study simulated circadian light exposure
levels within a room using a limited set of glazing samples and varying wall and ceiling
reflectance.

Our research underscores the significance of gaze direction and window transmittance
as essential variables in circadian light distribution. While a previous study has
questioned the accuracy of Tvis in assessing circadian performance, our focus was to
ascertain the predictive capability of existing properties in this research (Ghaeili,
Beiglary, Wang, & Jao, 2023).

175 https://doi.org/10.52202/077496-0015



Circadian Daylight Distribution

Wall reflectance emerged as a noteworthy factor, particularly in the deeper areas of the
room, although Tvis and gaze direction overshadowed its impact. Acknowledging that
these findings may evolve in more extensive and deeper spaces is important. This
highlights the need for ongoing research to comprehensively understand and optimize
circadian lighting in indoor environments.
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Abstract

The subject of this case study is an operational two-story residential structure named
Project Vivaan, situated within the campus of Indian Institute of Technology
Bombay, in Mumbai, India. Designed and constructed by Team SHUNYA, Vivaan is
an innovative prototype of a Net Positive Energy, Net Zero Carbon, and Net Zero
Water residential building. Constructed with a focus on energy efficiency and
sustainability, the house incorporates passive performance measures, second-life
materials, advanced HVAC systems, and home automation. Preliminary data
indicates that Vivaan performs as a Net Positive Energy house, with annual solar
PV generation exceeding its energy demand. The project addresses increasing
energy demand in residential buildings due to climate change and promotes circular
economy principles by ensuring the structure's disassembly and material reuse at
the end of its life cycle. The building has achieved significant recognition, including
the 18t runner-up position at the 2023 US DOE Solar Decathlon Build Challenge.

Keywords: Solar Decathlon, net positive energy, net zero water, net zero carbon,
material circularity

Introduction

Vivaan is a Net Positive Energy, Net Zero Carbon, and Net Zero Water residential
prototype designed and constructed by Team SHUNYA, a student team from Indian
Institute of Technology (IIT) Bombay. Aimed to create a genuinely sustainable
dwelling unit in an attempt at redefining residential construction in India, the building
has been awarded multiple accolades for many of its innovative aspects. Vivaan
also won the 18t runner-up position out of 32 international teams at the United
States Department of Energy Solar Decathlon Build Challenge 2023, held at the
National Renewable Energy Laboratory in Golden, Colorado in April 2023. The
house incorporates features unique to the residential building stock in India,
extensively uses second-life materials, and includes an in-house developed
dehumidification system. A proprietary home automation system and accompanying
app provide convenient controls for minimizing energy waste and maintaining
adaptive thermal comfort levels in the house. The design also implements passive
performance measures to maximize energy efficiency and extensively incorporates
computational simulations to achieve a data-driven approach.

The major problem that this project addresses is the high demand for energy in
residential buildings, which has been rapidly growing due to the effects of climate
change. Moreover, Vivaan is designed with a circular economy approach, ensuring
the disassembly of the structure and appropriate recycling or reuse after the end-of-
life cycle. This system needs to be included in India, as traditional brick-and-mortar
construction does not allow for such circularity.

Approach

The residential building was constructed between December 2022 and April 2023,
with a goal of testing and implementing various energy efficiency measures adopted
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Fig 1. (a) Exterior view after completion. (b) Steel structure of Project Vivaan. (Credit:
Prabhat Sharma)

after careful considerations and iterations with the help of multiple simulation
software packages. Sensor-based monitoring and data analysis over the past year
reveal that Vivaan is performing as a Net Positive Energy house. According to
detailed comprehensive calculations, it is also Net Zero Water. Moreover, it is
expected to achieve Net Zero Carbon within the next five years, owing to carbon-
capturing measures implemented as part of the construction process.
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Fig 2. Floor plans of project Vivaan. (Credit: Ankan Karmakar)
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With a total habitable area of 1,367 ft? (127 m?), the residence consists of two
bedrooms, a dining hall, a kitchen, two washrooms, and a double-height living
room. Among these, both the bedrooms and the living room are conditioned
spaces, with a cumulative conditioned area of 34 m?. The spatial configuration is
iteratively derived from floor plans of single-family detached dwelling units found in
Mumbai and India to ensure a similarity between expected energy demand and
physical parameters like room volume and occupancy schedule.

Mumbai is categorized in the Extreme Hot-Humid (OA zone) within the ASHRAE
Climate Classification and warm-humid climate zone as per the National Building
Code of India. The architectural typology resembles houses found in the coastal
regions of Western India, with sloping roofs and inclined shades above windows. In
terms of performance, the design and its elements are applicable to coastal areas
of India that exhibit similar tropical warm and humid climates. The design
incorporates data-informed passive performance measures, such as vertical fins
and movable external shading to allow useful daylight intake and reduce heat gains
from excessive solar radiation, double height spaces and open floor plans to allow
for stack effect and cross ventilation, respectively, and window sizing (wall-window
ratio) and their placement that are also iteratively optimized to aid in airflow and
natural light. Before the design stage, rigorous micro and macro-climatic analysis of
site conditions was performed and the weather files were calibrated using
measured real-time outdoor ambient temperature data acquired onsite.

Thickness U Value

Material Selection mm)  (W/m2K)

AAC Blocks 230 0.8
Hollow Core Concrete Panel 100
Mineral Wool Insulation 100 0.37
Fiber Cement Board 12
Fiber Cement Board 12
Polyurethane foam 100 0.22
Fiber Cement Board 12
r Fiber Cement Board 6 ¥
| Eco-board Wall Panel 9 >
: 0.24 4
| Glass Wool Insulation 100 L
| Eco-board Wall Panel 9 ’g.

Fig 3. Wall assemblies considered for envelope and their U-value

Vivaan is carefully designed to ensure the building’s resilience against natural and
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manmade disasters. With a design life of 50 years, the prototype is constructed
using precast steel sections for beams and columns, along with prefabricated metal
decks for slabs. This decision was taken to ensure disassembly after the end of the
design life. Additionally, a raft footing foundation of 1.8 m depth makes up the
substructure of the building.

The primary criteria for envelope material selection were the climatic conditions of
Mumbai and the Indian Energy Conservation Building Code (ECBC) compliance. A
detailed comparative study of multiple envelope parameters derived from an
analytical hierarchical process (AHP), considering thermal transmittance (U-value),
embodied energy, local availability, durability, and life cycle cost was used to select
appropriate combinations of materials for wall assemblies. An innovative and low
carbon biodegradable board made of recycled agricultural waste material, named
EcoBoard, has been used to reduce the embodied energy of the wall assemblies.
The external wall, starting from the outermost layer (Layer 1), includes sections as
follows:

Layer Material Thickness Key Feature Expected
(mm) Life
(years)
1 Fiber Cement Board 6 Durability 30
(FCB)
2 Moisture Barrier 2 Impermeability 50
3 EcoBoard 9 Lower embodied 20
energy
4 Fiber wool Insulation 100 Thermal 50
resistance
5 EcoBoard 9 Lower embodied 20
energy

The internal wall assembly does not incorporate the FCB and the moisture barrier
and has a reduced insulation layer of 50 mm. The final U-value of the external
assembly was calculated to be 0.24 W/K-m?, which is 70% less than that of AAC
blocks, the material used most commonly in modern-day construction in India. The
reduction in U-value is the first step to reducing the heat gain in the house. The
envelope of Vivaan was designed to meet the Energy Conservation Building Code
(ECBC) of India. To achieve ECBC compliance, a residential building in a warm and
humid climate can have a maximum U-value of 0.4 W/m?2-K for opaque external wall
assemblies. The maximum U-values for an opaque external wall assembly in the
same climatic zone for ECBC+ compliance is 0.34 W/m?-K. Vivaan is ECBC
compliant with the existing assembly in 4 out of 5 climate typologies and ECBC+ in
3 out of 5.

A proprietary HVAC system designed by the student team has been deployed, which
handles latent and sensible loads separately. A Fan Coil Unit at higher chilled water
temperatures with a coefficient of performance (COP) of 4.2 handles the sensible load,
while the liquid desiccant dehumidification system handles latent loads. This HVAC
system has greater energy efficiency when compared to the split air-conditioning
units primarily used in Indian households. Chilled water and strong liquid desiccant
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are generated and stored to be used during non-solar hours. The waste heat
produced from the condenser is then used to provide hot water. The system can
also be controlled by an automation system created by the team. This system is
suitable for application in regions with high humidity and temperatures throughout
the year. A significant proportion of central and southern India exhibits these kinds
of climatic conditions, along with the western and eastern coasts of the country. The
system's efficiency is expected to increase with the simulated increase in demand,
meaning that the system is to perform better in multi-family and low to mid-rise
housing.

To meet the energy demand of the house, a solar power generation system with
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Fig 4. (a) Solar PV system design. (b) Installed bifacial solar panels. (Crédit:
Dany Hemanth)

12.96 kWp capacity is designed and installed on the roof. Monocrystalline bifacial
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PV panels with a half-cut design were selected due to their higher power output
per unit area and long-term durability. A 28.8-kWh lead acid battery is also part of
the system to decrease the overall dependence on the grid. The total annual
generation of the PV system is expected to be about 13,635 kWh, while the
calculated annual energy demand is about 12,484 kWh. Due to the excess energy
produced by the system, it was concluded that the house consumes less energy than
it produces with onsite renewable energy generation making it Net Positive Energy.
The solar PV panels are expected to last for 25 years, but the battery for energy
storage will need replacement in about five years. Initially, the plan was for lithium-
ion batteries, which can last up to 15 years, but the budget constraints led to the
current battery system. A hybrid inverter with a life span of 10 years is used with a
solar PV system for trading off excess annually generated electricity.

(All values in kWh) Min Average Max Annual
Loads 245 34.2 445 12,484
Generation 0.8 374 52.3 13,635
Feed-in to Grid 0 10.2 26.6 3,724
Consumption from grid 0 9.5 33.0 3,464
50
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Energy (KWh)
w
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Fig 5. Annual electrical energy demand and production

Data Collection and Analysis

Multiple sensors were installed in the house to measure the air temperature,
humidity, and CO2 concentration. Readings were taken at intervals of 10 seconds.
Fig. shows the indoor air temperature, outdoor ambient temperature, and indoor
relative humidity readings taken between April 3, 2023 and April 5, 2023. The HVAC
system of the house was running during this experiment. The figure shows that the
indoor air temperature can be easily maintained between 21°C to 26°C with the
help of the chilled water system. Also, the relative humidity mostly lies in the range of
50% to 60%. This shows that the designed system has the potential to increase or
decrease the temperature and relative humidity of the house based on desired
occupant comfort. Owing to passive performance measures, the thermal cooling
load of the house is reduced by 28%, and annual thermal comfort hours increased
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by 16.4% with the use of the mentioned wall and roof assembly, as compared to a
typical brick-concrete structure. A second measurement campaign was carried out,
where surface temperature sensors were installed on the west and south walls of
the ground-floor bedroom. The readings were taken as averages of 10-minute
intervals under no active ventilation or cooling. No mechanical ceiling fans or air
conditioning were active during this measurement period. The results, as illustrated
in Fig , show that the internal surface temperatures of both walls remain
consistently equal throughout the day, lying within the range of 27°C to 29°C when
the external surface temperatures were between 25°C to 31°C.

Results

@ Indoor temperature ® Outdoor temperature » Relative humidity

Temperature (° C)
Relative humidity (%)

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time interval (10seconds)

Fig. 6. Experimental readings from April 3, 2023 and April 5, 2023

The Ladybug and Honeybee libraries of Rhino3D, which run EnergyPlus on their
back ends, were used for conducting incident solar radiation analysis, case-wise
energy simulations, and daylight studies. OpenFOAM was deployed to simulate
internal air flow using computational fluid dynamics and inform building geometry.
All the analyses mentioned theoretically amount to a difference of 24% in energy
consumption compared to the base case, i.e. the first design iteration.

Optimization of building geometry using Grasshopper’s native genetic algorithm
solver, Galapagos, suggested a reduction of 11% between the base case and the
completed design. Similar optimization for building orientation minimized the
average annual incident radiation and thus reduced the impact of heat gains from
solar radiation. The proprietary automation system and its mobile application help
reduce energy waste by about 18% by reducing energy waste and maintaining
optimal adaptive thermal comfort and artificial lighting levels. The app monitors
energy consumption in appliances using a home assistant platform. The open-
source platform allows for customization, extensibility, and deplorability. It allows
monitoring of temperature, humidity, COz2, and lux levels for each room and
automates appliances based on occupancy. Remote monitoring and control of
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systems are possible through a web interface and companion app. The total annual
energy demand is predicted to be significantly less than the annual solar PV
generation, making the house Net Positive Energy.
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Fig 7. External (To) and Internal (Ti) wall surface temperatures between August 10,
2023 and August 18, 2023

As per the Uniform Indian Plumbing Code (UPC-I), 167 liters of water is consumed
per capita per day (Ipcd), but Project Vivaan uses only about 83 Ipcd with the help
of water-efficient fixtures and a greywater recycling system. An additional rainwater
harvesting system with a storage capacity of 10,000 liters is installed, which can
operate during all four months of the monsoon season and can provide non-potable
water for up to 45 days in case of complete water shortage. The water-efficiency
features result in an overall 82% water savings compared to a BAU home. Most of
the freshwater purchased from the municipal corporation is used for drinking and
cooking. As per Indian Green Building Council (IGBC) norms, if a house can use
alternate water for more than 75% of the total consumption, it is characterized as a
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near-net zero water house. Since Vivaan’s water saving amounts to about 82%, i.e.
7% more than the baseline standard, it was concluded that the house is near Net
Zero Water. Since Vivaan is still in the early operational period, there isn’t enough
measured data regarding water consumption or savings yet.

The building extensively incorporates second-life materials, such as biodegradable
panels made of recycled agricultural waste. The EcoBoard panels are made using
straw, husks, other organic materials, and a non-volatile binder. By using these
boards, Vivaan reduces the environmental impact of the envelope when compared
to traditional construction materials and promotes sustainable practices.

Conclusion

The core philosophy behind Project Vivaan and Team SHUNYA is the drive and
commitment to revolutionize the sustainable housing industry. Vivaan attempts to
create a beacon of sustainability, embodying the principles of Net Zero Energy, Net
Zero Water, and Net Zero Carbon. From selecting innovative second-life materials to
implementing advanced fire-safety features, every aspect of Vivaan is designed to
minimize environmental impact and prioritize the safety and wellbeing of its
inhabitants. However, implementing these innovative features is challenging in
India, as conventional construction laborers need more skills and experience to
effectively execute the design onsite during construction.

The team needed to assist the construction labor with various issues and provide
solutions to implement modern technologies efficiently. Several training and
education sessions about new construction technology and materials were also
conducted to educate the laborers about contemporary practices. Challenges arose
when ensuring airtightness and aesthetic finishing, but were successfully tackled
with correction methods and skilled labor.

Additionally, while using materials like EcoBoard, construction during monsoons
becomes difficult as the material degrades from direct contact with water.
Implementing in-house developed technology, such as liquid desiccant for
dehumidification, requires a significant amount of time and an early start for timely
implementation. Also, the financial budget becomes a prominent constraint when
such experimental projects are implemented practically.

Project Vivaan is built to last, with structural durability of 50 years and precautions
in place to handle electrical disruptions and emergencies caused by factors like
climate change. By theoretically achieving Net Zero Carbon, we reduce our
ecological footprint and establish a new standard for environmentally conscious
construction. Furthermore, our focus on water conservation is evident through
water-saving technologies that result in up to 82% savings, coupled with a robust
45-day water backup system.

Beyond sustainability and safety, Project Vivaan offers a sanctuary of comfort and
serenity to its occupants. Innovative engineering elements are seamlessly
integrated into the design, such as Jaalis (perforated window screens inspired by
traditional Indian architecture) that aid in natural ventilation, cool roof tiles for
maximizing energy generation of bifacial PV panels, and automation features for
convenience and comfort. Through awareness and education, Vivaan strives to
spread sustainable lifestyle principles to the masses, empowering individuals to
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embrace sustainable living and meeting the growing demand for urban housing in an
environmentally conscious manner. The objective is to create a future where
sustainable housing is inclusively accessible, inspiring a collective movement
towards a more resilient and harmonious world.
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Abstract

According to the Urban Economic Forum, around 80% of the buildings we have today
will exist in 2050 which are responsible for 40% of global emissions. To effectively
combat climate change, we must look for opportunities to design and retrofit existing
buildings. This case study on the Mary Church Terrell House demonstrates an effective
method to create high-performance buildings and enhance the focus on equity within a
Historically Black College and University (HBCU) curriculum by leveraging the U.S.
Department of Energy Solar Decathlon student competition framework — the design
lessons integration with the guidelines and delivery of the competition entries. Through
the design outcomes of an interdisciplinary cohort of students, the case study shows the
application of energy outcomes to retrofit historic landmarks. It also discusses the
impact of this exploration on the student's learning process to create equitable, net-zero
buildings that promise to reduce carbon emissions by reducing their carbon footprint.

Keywords: Solar Decathlon; Howard University; historic landmark; house retrofit; net
zero energy; case study; Washington, D.C.; historically Black college; HBCU

1. Introduction

Addressing climate change by getting cities to net zero and reducing the carbon in their
buildings is an urgent cause, since buildings in cities account for almost 60% of carbon
emissions (Grainger, 2022). For this reason, decarbonizing buildings is essential if we
are going to slow global warming. The United Nations’ Intergovernmental Panel on
Climate Change’s special report that addresses global warming of 1.5°C or greater
makes clear that this urgency is an interdisciplinary matter among architects, builders,
and manufacturers. What is also clear, according to the American Institute of Architects,
is that more than 90% of 2025’s building stock is already standing. Therefore,
decarbonizing existing buildings offers our greatest chance of meeting this goal of
keeping warming below 1.5°C. There is also evidence that retrofitting buildings
strengthens the local economy. Compared to new construction, a greater proportion of a
retrofit’s budget typically goes to labor, creating more jobs for the dollars spent (Logan,
2019).

The design of retrofitted decarbonized buildings, with equity as the center of design, is
essential to combat climate change and improve environmental justice. Breathing life
into existing buildings with program and energy savings will also reduce the additional
carbon emissions that new buildings create. Skills needed to create net zero buildings
must be taught to the next generation of designers and builders. The design of high-
performance buildings should consider the impact on the community and deliver
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occupant comfort. This paper discusses a case study from the U.S. Department of
Energy’s annual Solar Decathlon Design Challenge, which offers students a way to
propose new ways to decarbonize the built environment and test their theories on the
project of their choosing showing impact and reach. The student projects