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Abstract 
 

Title: Modeling and Energy Simulation of a Zero Energy Building: A Case Study for 

Florida 

Author: Mariana Migliori Favaretto 

Advisor: Hamidreza Najafi, Ph.D. 

The study of energy consumption in buildings is an important area of research given the 

large share of building sector in the worldwide energy usage. The energy consumption of 

buildings has a high impact on carbon emissions, a greenhouse gas which has proved to play 

a major role in global warming. In the last decades, global warming has become an increasing 

concern and worldwide high energy demand have awaken a pressing quest towards 

improving building energy efficiency. Reducing buildings’ energy usage by implementing 

energy efficiency measures is one way towards a sustainable future for any country in the 

world.  

This thesis, presents a case study of a complete retrofit of a small office building located in 

a hot and humid subtropical climate zone in Melbourne, FL. The building was constructed 

in 1961 and without any subsequent energy renovations ever since it was built. The building 

was fully retrofitted into a zero energy building (ZEB) through a grant from Florida 

Department of Agriculture and Consumer Services (FDACS) between 2017-2020. This work 

first looks into a detailed energy model of the building via eQUEST which is used to predict 

the energy consumption of the building under various conditions. The simulation results for 

monthly energy consumption are compared against the bill data to understand the strengths 

and weaknesses of the model. A neural network based model is then developed in MATLAB 

using simulation data from eQUEST to explore the possibility of using machine learning 

algorithms for building energy consumption forecasting. Results from this work aims to 

serve as a baseline for future projects in similar buildings and climatic zones. This work 
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intends to serve as an example for improving energy efficiency in buildings and indoor 

environmental air quality in buildings, and at the same time reduce carbon footprint 

.  
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Chapter 1  
Introduction 

 

1.1. Background 

Energy usage and demand have undergone a steady increase as a result of rapid 

increase in global population. In 2018, the global energy demand and carbon 

emissions due to energy usage grew rapidly at a rate of 2.9%; the fastest since 2010. 

According to the BP Statistical Review of World Energy, energy consumption 

growth by fuel was governed by natural gas with more than 40% increase, followed 

by renewables. In the same year, electricity generation rose by an above-average 

growth of 3.7% globally. China, U.S., and India together were responsible for more 

than two thirds of the global growth in energy demand, where the U.S. energy 

consumption grew at its fastest rate since the last thirty years. The consequences of 

a global rise in energy demand were responsible for an increase in carbon emissions, 

which grew by 2.0% in 2018, the fastest growth recorded for the last seven years [1].  

The total primary energy consumption in the U.S. in 2018 was about 101 quadrillion 

Btu, accounting for approximately 17% of the total primary energy consumption 

worldwide, which was around 598 quadrillion Btu [2] [3]. Similarly, in 2019 the U.S. 

energy production grew 5.7%, producing about 101 quadrillion Btu of energy, for a 

total primary energy consumption of about 100.2 quadrillion Btu, decreasing by 

0.9% when compared to 2018 [4].  

Worldwide, in 2019, there was a 0.5% growth in the CO2 emissions from energy 

consumption, which is less than half of the ten year average CO2 emissions of 1.1% 

per year. The reduction of carbon emissions in 2019 reduced to some extend some 

of the increase in emissions from 2018. However, the growth of carbon emissions 
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that occurred from 2018 and 2019 was still larger than the recorded 10 year average 

growth [5] [6].  

In 2020, the Covid-19 pandemic brought a wide range of problems and caused a drop 

in the economy worldwide. According to a report from the International Energy 

Outlook, in the first quarter of 2020 there was a 3.8% decrease in the worldwide 

energy demand, equivalent to 150 Mtoe, when compared to the first quarter of 2019. 

The decrease in energy demand in the beginning of 2020 has not been foreseen in 

the previous 70 years [7]. Moreover, to advance as a society towards a more 

sustainable future, there needs to be a similar reduction in carbon emissions, as seen 

in 2020, in the years to come. This can be accomplished by using energy as well as 

natural resources efficiently.  

In 2014, U.S. residential and commercial buildings used more than 40% of the 

nation’s total energy and more than 70% of the electricity resulting in an estimated 

annual national energy bill totaling more than $430 billion [8]. In 2019, buildings 

were responsible for 28% of the total end-use energy consumption in the U.S. 

(excluding energy losses), which is about 21 quadrillion Btu. According to the U.S. 

Department of Energy in 2019, the distribution of energy consumption by end-use 

sectors in the U.S. was as follows: Industrial 32%, Transportation 28%, Residential 

21%, Commercial 18% [9]; where the total energy consumption of the residential 

and commercial sector combined, accounted for 39% of the nation’s total energy 

consumption, including energy losses [10]. 

Florida is the fourth largest energy consuming sector in the U.S., and, according to 

the U.S. Energy Information Administration, the state almost uses eight times as 

much energy as it produces. In 2018, the energy consumption by end-use sector in 

Florida was 39.9 % for transportation, 26.9% for residential buildings, 22.3% for 

commercial buildings, and 10.9% for the industrial sector [11]. The energy 
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consumption in the commercial building sector can be categorized by end use sector; 

such as heating and/or cooling systems, lighting, computer equipment, kitchen 

equipment, among others, depending on the building’s purpose. Some examples of 

commercial buildings are office buildings, government buildings, retail stores, 

restaurants, schools, hotels, hospitals, recreational facilities, and other public 

buildings.   

Improving the energy efficiency in the building’s sector is a key target in reducing 

the worldwide energy consumption.  Increasing the buildings energy efficiency as 

well as use of renewable sources for on-site power generation are known as major 

approaches for moving towards sustainability in the building sector.  

The following work presents a case study of a complete energy retrofit of a small one 

story office building located in Melbourne, FL, which is a hot and humid subtropical 

climate zone (classified as a zone 2A according to ASHRAE) [12]. The building was 

constructed in 1961 without any subsequent energy retrofit since its construction. In 

the present work, first a detailed energy model of the building is developed via 

eQUEST and verified against the collected bill data. Then, a neural network based 

model is generated in MATLAB using simulation data from eQUEST to explore the 

possibility of using machine learning algorithms for building energy consumption 

forecasting. The result of this work can help with improving the performance of 

building energy models and facilitates taking the steps towards more computationally 

efficient models with higher accuracy.   

1.1.1. Literature Review: energy efficiency studies in buildings 

Worldwide energy consumption has been rapidly increasing in the last decades, and 

it is expected to continue growing as the population grows. But this does not 

necessarily suggest that there will be more greenhouse gas emissions for consuming 
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more energy. There are green approaches  to generate and use energy more 

efficiently, including reducing energy consumption in buildings and implementing 

renewable energy sources that replace the convectional options. There have been a 

wide range of different energy efficiency projects worldwide that have resulted in 

the improvement of energy consumption in buildings, and even resulted in zero and 

net zero energy buildings. [13] [14] [15].  

A study by [16] empirically evaluates possible energy savings in both commercial 

and residential buildings in Phoenix, Arizona by performing energy retrofits. The 

results from the study show a 12% energy savings in commercial buildings and 8% 

energy savings in residential buildings by performing energy renovations. The 

authors examine the best combination of measures for residential and commercial 

buildings, that would best reduce energy consumption. For residential buildings, they 

found that implementing different energy efficiency combinations, lead to an energy 

reduction ranging from 22% to 58%; with the best possible combination being 

improving insulation, air conditioning, and duct and air sealing, reducing the energy 

consumption by 39%, 24% and 8%, respectively. For commercial buildings, they 

found that the best combination of energy efficient measures for HVAC and pumps, 

can reduce energy consumption by 73%. Another noticeable finding from this study 

is that there was an overestimation from the predicted energy savings estimated from 

energy software modeling when compared to the experimental data, with a difference 

of 48.5% for commercial buildings and 28.3% for residential buildings. 

Performing a thorough energy retrofitting of a building not only results in a reduction 

on its overall energy consumption, operating costs, and carbon footprint, but also 

building energy retrofits also provide important health benefits through improving 

indoor air quality which has a positive impact on occupant’s health and comfort.. A 

study done in Canada [17] argues that to have a better outcome from a building 
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energy retrofit, “there should be a focus on deep energy renovations rather than 

individual energy retrofit measures”, expand the data collection process for analysis, 

enhance efficient retrofit processes by improving the decision making stage, 

“innovate businesses models”, and enlarge the benefits of an energy retrofit project, 

such as social and environmental advantages. Jafari and Valentin [18] propose a 

framework for maximizing benefits from energy retrofit projects by optimizing 

decision-making models that select the best retrofitting approach. The proposed 

decision making framework consists of several steps. These steps include reducing 

the system’s life cycle cost by calculating the economic advantages that come with 

the energy retrofit of a building, highlight the homeowner’s economic benefits during 

the building’s service life that come with selecting the optimum energy retrofitting 

measures, and determining the best energy retrofitting budget that reduces the 

building’s life-cycle cost throughout its life. 

1.2. Energy Modeling 

To make an energy retrofit on an existing building or to design a new building, it is 

crucial to first have an accurate simulation of the energy model of the building. An 

energy model of a building predicts the behavior of the building’s energy use, which 

is highly beneficial when selecting the optimal energy efficiency measures (EEMs) 

and provides a basis for cost-benefit analysis. There are several software tools 

available for building energy simulation, each of which has their own features.  These 

software tools allow predicting of the building energy consumption under different 

scenarios that include implementing one or multiple EEMs. These EEMs may cover 

variety of areas, from building envelope (materials, insulation, orientation, etc.) to 

end users (e.g. HVAC, lighting, water heater, etc.). This information are vital in 

making the best decision prior to the construction or retrofit of the building in order 

to achieve the optimal results. The combination of these EEMs must lead towards an 
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economically and environmentally achievable solution to an existing or future 

building that will reduce energy consumption and reduce the amount of greenhouse 

gas emissions to the environment.  

Walter Costa and David Amorin [19] studied the possibility of reducing energy 

consumption of commercial office buildings in Brasilia. The research used 240 office 

buildings in Brasilia, which served as the basis for creating an energy model of a 

four-story  building and studied the possibility achieving  NZEB. The model was 

subjected to 69 different variations, where different combinations of energy 

efficiency measures were implemented and studied for the climate of Brasilia. From 

the model results, the authors came up with the several conclusions. Reducing 

window to wall ratio from 80% to 50% and 30% was a key factor to reach the NZEB 

goal, since “none of the simulated cases that had a WWR of 80% reached the NZEB 

goal”. The energy consumption by the air conditioning system was reduced by 6% 

with the addition of solar shading devices for windows, which was another key factor 

to reach the NZEB goal, and a reduction in the air conditioning system was also 

achieved using glasses with a solar heat gain coefficient (SHGC) of 43% or lower. 

Energy consumption in the lighting system was achieved when reducing the model’s 

lighting power density from 12 W/m2 to 9 W/m2. In addition to all of this, natural 

ventilation was also found to be a key factor to reach the NZEB goal. Overall, 

through computer simulations, they found a 46% reduction in the annual final energy 

consumption of the four story building model by implementing the forementioned 

energy efficiency measures (from 115 kWh/m2 year to 63 kWh/m2 year). 

Gangolells et al. [20] propose a model for identifying cost-effective and 

environmental-friendly energy retrofitting measures for an entire office stock in 

different geographical locations by evaluating its energy, environmental, and 

economic effects implanting a life-cycle approach. The results show that the most 
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energy efficient measures are to replace the current heat pump with a more efficient 

one and replace the current lamps with LEDs, reducing energy consumption by 

18.1% and 14.4%, respectively. For 99.5% of the cases from the study, there was a 

life cycle greenhouse gas reduction obtained from the cost-effective measures. 

Ascione et al. [21] suggest a “multi-stage, multi-objective approach to find cost-

optimal energy retrofits solutions” to address energy efficiency in buildings. The 

study involves the use of Energy Plus and genetic algorithm in MATLAB  t to 

evaluate parameters such as energy needs, costs, and carbon emissions for cost-

optimality. The framework is applied to a case study in a Mediterranean building 

located in South Italy, and the energy efficiency recommendations resulted in a 

complete energy retrofit of the building envelope as well as the energy systems, 

resulting in primary energy savings, reduction in carbon emissions and global costs 

savings. 

1.3. Energy analysis of a small office building located in a hot 

and humid climate zone  

1.3.1. Project Background 

The Florida Department of Agriculture and Consumer Services (FDACS) awarded a 

matching grant in September 2017 (Grant Agreement No. #24553), through 

Renewable Energy and Energy Efficient Technologies (REET) Grant Program, to 

Florida Institute of Technology (Florida Tech) to retrofit the Florida Tech-owned 

Alumni House into a ZEB. The purpose of the grant was for the research and 

evaluation of building energy efficiency technologies and on-site solar power 

generation to support the development of integrated design and construction 

technologies applicable to 90% of commercial buildings in the State of Florida.  
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The project aims to demonstrate a scalable zero-energy building design intended for 

hot and humid subtropical climates and applicable to new constructions as well as 

renovations of small commercial buildings. The whole project consisted of 

performing an entire energy retrofit of the building, featuring high-impact EEMs 

coupled with onsite solar energy and an intelligent building integrated energy 

management system to achieve a cost-effective zero-energy design. The project 

delivers a set of guidelines for integrated building design, material acquisition, and 

construction to achieve both an energy efficient design and cost-effective 

construction. The final building design aims to serve as a baseline for future small 

commercial building construction or future building energy renovations where 

several combinations of parameters are considered to achieve a zero-energy design 

in the hot and humid subtropical climate zone. Furthermore, the project will make 

recommendations to update the Florida Building and Energy codes to support zero-

energy building design and construction. 

The case study discussed in this thesis is located in Melbourne, FL, and is called the 

Florida Tech Alumni Center; which is a single-story edifice. Before the renovation, 

the building was approximately 2,350 ft² and after the renovation, a new building 

section of approximately 1,126 ft² was added.  

The following sections provides a detail description of the Florida Tech Alumni 

building, including details related to the old and new building, and the different 

parameters used for energy analysis of the building. In addition to this,  the following 

part defines the characteristics of the old building and new building; in other words, 

the building before and after the energy retrofit. 
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1.3.2. Old Building Characteristics: before energy renovation 

The Florida Tech Alumni Center  was originally a lower-middle-class residential 

building that was converted into an institution office space with a floor area of 2,350 

ft². The occupancy was around 4-6 people in the office space from Monday to Friday 

from 8 am to 5 pm.  

A walk-through energy audit of the building was conducted, and the energy usage of 

the building was assessed.  A thorough building energy modeling and analysis was 

performed and the most effective EEMs were identified and later implemented in the 

building project. Figure 1 represents a view of the building structure before the 

energy retrofit. The overall electricity consumption of the building before the 

renovation for the 2017 year was 16,688 kWh. Figure 2 shows the monthly building 

energy usage data for the years of 2016 and 2017. 

 

Figure 1: Old Alumni Office Building (before renovation) 
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Figure 2: Monthly energy consumption for the years of 2016 and 2017 of the Alumni 

Building (before renovation) 

Before the energy renovation, the building envelope consisted of concrete block 

construction coated by white stucco, the interior floor consisted of an 8-inch concrete 

construction exposed to earth contact covered in carpet with no pad, the roof had a 

white color on top of weathered asphalt pavement on top of wood frame, and three 

exterior doors: a West facing 1/8-inch-thick, 8 Ft wide sliding glass door, an East 

glass door 1/4-inch-thick, and a North facing standard solid wood door. The building 

had an occupancy of only 6 people for the office spaces, with a weekly occupancy 

schedule from 8 a.m. to 5 p.m. (excluding the holidays). Before the energy 

renovation, the building was equipped with a main heat pump unit (single zone split-

system) ranked at 36,000 BTU/hour. The heat pumped served the office spaces and 

the rest of the building with the exception of the conference room, which had a 

thermal unit ranked at 18,500 BTU/hour [22]. 

Table 1 indicates the description of the lights in the building, Table 2 introduces the 

description of the windows, Table 3 demonstrates data related to the exterior doors, 
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and Table 4 shows a list of all the plug loads and equipment. Table 5 indicates the 

set points for the cooling/heating units for each season in the year.  

Table 1: Lighting (before renovation) 

Type Location Number Wattage Hours/year 

T8 All 56 32 1821 

T2 Bath 9 13 4500 

A19 Closet 1 75 15 

A15 Closet 1 55 15 

GU24 Garage 1 13 15 

 

Table 2: Windows specifications (before renovation) 

Direction Number 
Glass 

Type 
Frame Type Size (in) 

Distance  

to Ground 

(in) 

East 1 Clear Wood/Aluminum 35 x 49 33 

East 2 Clear Wood/Aluminum 72 x 36 48 

South 2 Clear Wood/Aluminum 36 x 37 51 

West 2 Clear Wood/Aluminum 36 x 37 46 

West 1 Clear Wood/Aluminum 72 x 37 46 

North 2 Clear Wood/Aluminum 72 x 36 51 

 

Table 3: Exterior doors (before renovation) 

Direction Number Type Size (in) 

East 1 Glass (Metal 

Frame) 

30 x 71.5 

West 1 Sliding Glass 60 x 84 

North 1 Wood 36 x 84 x 1.75 

 

Table 4: Plug loads and equipment (before renovation) 

Type Location Number Wattage Hours/year 

Computer Offices 4 130 2000 

Refrigerator Kitchen 1 180 8742 

Microwave Kitchen 1 1200 125 

TV Kitchen 1 300 1250 

Coffee Pot Kitchen 1 750 500 
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Table 5: Heating/Cooling set points (before renovation) 

 
Split System Unit Packaged Terminal 

Unit 

Season Cooling 

(°F) 

Heating 

(°F) 

Cooling 

(°F) 

Heating 

(°F) 

Winter 75 69 76 70 

Spring and Fall 73 68 76 70 

Summer 70 68 76 70 

 

1.3.3. New Building Characteristics: after energy renovation 

For the building renovation, a new addition to the existing footprint was incorporated 

to be used as a conference room, initially to host meetings, but later was also used as 

a classroom in view of COVID19 situation and the guidelines for social distancing 

on the campus. The new construction increased the existing footprint, making the 

square footage of the building to approximately 3,324ft². The new building is 

intended to be used as an office space for 4-6 users operating from 8 am – 5 pm, and 

the conference room (the new addition to the building)  has a maximum occupancy 

of 25 people. Table 6 shows a detailed description of the occupancy schedule for the 

office spaces. Figure 3 and Figure 4 shows the resulting new building after the energy 

retrofit.  
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Figure 3: New Alumni Building at Florida Tech (front view) 

 

 

Figure 4: New Alumni Building at Florida Tech (side view) 
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Table 6: Occupancy Schedule for office spaces 

Room 

Number 
Room Name Occupancy SQF/Person Area 

Occupant 

Load 

 

103 Men   109 SF 0 

104 Women   134 SF 0 

112 Unisex   91 SF 0 

    334 SF 0 

Business 

101 Entry Business 100 324 SF 4 

102 Hoteling Business 100 53 SF 1 

105 Corridor Business 100 250 SF 3 

106 Office Business 100 100 SF 2 

107 Office Business 100 100 SF 2 

108 Office Business 100 100 SF 2 

109 Office Business 100 104 SF 2 

110 Office Business 100 144 SF 2 

111 

Building Control 

& Operation 

Room 

Business 100 93 SF 1 

116 
Executive 

Conference Room 
Business 0 1286 SF 48 

118 Breakroom Business 100 98 SF 1 

    2652 SF 68 

Mechanical/Storage 

113 Mech/Elect Mechanical/Storage 300 69 SF 1 

114 Janitor Mechanical/Storage 300 20 SF 1 

115 Storage Mechanical/Storage 300 39 SF 1 

117 Storage Mechanical/Storage 300 90 SF 1 

    218 SF 4 
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Chapter 2  
Modeling and Simulation in eQUEST 

 

This Chapter describes the process of modeling the renovated building in eQUEST. 

All the energy efficiency measures applied in the actual building renovation were 

included in the model. Furthermore, this Chapter describes in detail all the energy 

model inputs, results, analyses, and discussions, and illustrates the different 

parameters that leads the building towards an energy efficient design.  

Figure 5 shows the building 3-dimensional model generated using eQUEST. The 

building shell for the eQUEST model was built based on Figure 6, which shows the 

architectural plan for the new Alumni Center building (after renovation). 

 

Figure 5: 3-D View of Alumni Building model created using eQUEST energy 

modeling software. 

The Alumni Center building complete energy renovation construction was finalized 

in the late 2020. The building model that was initially developed in REVIT and used 

for optimizing EEMs for the building prior to the construction had several limitations 

that encouraged us to develop a new model. For example, the model did not allow 
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generating daily/hourly data which was necessary for detailed analysis. There were 

also several changes in the design, construction and operation of the building which 

were not observed in the initial model. Also, the several of the team members had 

issues to access the initial model which slowed than the process of updating the initial 

Revit model. Therefore, a new model is developed using eQUEST for simulation of 

the Alumni Center building energy consumption. The new model reflects all the 

items that are included in the design, construction, and operation of the building in 

its final form and provides a platform for continuous adaptation of the model to the 

actual building operation.  At the time of writing this thesis, there are only 8 months 

of billed electricity consumption of the building, so the model’s energy consumption 

could only be compared to those 8 months of actual data.  

From the results obtained from this energy analysis, an error of less than 10% was 

found when comparing the results of the energy consumption of building model and 

the actual energy consumption. The reason for this error may be due to the fact that 

the conference room is designed to also be used as a classroom on weekdays for 25 

people, and at the moment of writing this thesis, the Covid-19 situation allows 

students to attend classes either in-person or online; therefore less than 8 students 

attend this classes in-person on a regular basis. However, this discussion will be 

extended in further sections of this report when the results from the model are 

presented. 
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Figure 6: New Alumni Building Floor Plan (building after renovation) 

 

2.1. New Building: Characteristics and Model Input 

This section intends to provide an outlook regarding energy-efficient building 

envelopes meant for the building retrofit and new construction implementations.  

Different types of building envelope measures were evaluated in the design stage to 

determine the energy performance, cost savings, and payback option for each 

measure. The initial cost of each measure was based on the latest construction 

estimates provided by the General Contractors, Subcontractors and Suppliers, who 

were also partners in this project. The types of envelope materials  as well as other 

energy efficiency measures analyzed in this work are: 

1. Concrete masonry unit (CMU) Block Walls System 

2. Thermoplastic polyolefin (TPO) Roofing System 
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3. White roof 

4. Low-e double glazing windows 

5. Efficient HVAC system 

6. Efficient lighting system 

7. Dynamic shading and overhangs 

8. Solar PV system 

2.2. Building Envelope 

The building envelope, which includes the walls, windows, roof, and foundation, 

forms the primary thermal barrier between a building’s interior environment and the 

outside environment. According to DOE [23], the envelope technologies in a 

building are responsible for approximately 30% of the primary energy consumed in 

both residential and commercial buildings. The envelope plays a crucial role in 

determining levels of comfort, natural lighting, ventilation, and how much energy is 

required to heat and cool a building, maintaining the adequate thermal comfort for a 

building. 

Initially, structural insulated panels (SIPs) were considered for the walls and the roof, 

but it was not implemented since the simulation results shown that this has very small 

impact on improving energy consumption of the building. SIPs offer high thermal 

resistance against conduction of heat. A higher thermal resistance (R-value) for the 

walls/roof has a very significant impact on the buildings energy bill for colder climate 

zones, since they do have a large temperature different between inside and outside 

of the building for a very long period of time (i.e. cold season). However, for 

buildings in warm climate zones, and particularly in Florida, there is a relatively 

small temperature difference between inside and outside of the building (even in the 

most severe season) all the times, and therefore SIPs are not making a significant 

difference. The following sections 3.1, 3.2, and 3.3, describes the characteristics of 
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the walls, roof, and windows, respectively, implemented in the building after the 

energy renovation. 

2.2.1. Walls: Concrete Masonry Unit (CMU) Block Wall System 

Concrete block houses are not only energy efficient, but also disaster-resistant, fire-

resistant, noise-reducing, pest-resistant, low-maintenance, and healthy. The strength 

and durability of concrete protects the structure and provides safety and shelter to the 

occupants from extreme weather and natural disasters. The thermal mass of a 

concrete wall system, along with insulation, creates a tight thermal building 

envelope, which helps conserves more energy inside the building. A study conducted 

by the Portland Cement Association found that houses with Concrete walls had five 

to nine percent greater energy savings than wood-framed homes [24]. 

The option considered by the project team for the design and simulation analysis of 

the new building is the CMU blocks. Table 7 presents the specifications of CMU 

considered in design and simulation analysis of the building. Appendix E shows a 

detailed view of the walls of the building taken from the architectural plans. 

Table 7: Envelope Measures - Walls 

Inputs 

 

 

Envelope Measures for Walls 

8” CM block wall with 3- part stucco (layers listed 

from the outside to the inside of the wall): 

1. 3-part stucco, painted 

2. 8” CMU block (hollow) 

3. 1 ½” foil faced rigid insulation (MIN. R-

5.5 per inch) R-8.25 for 1.5”. 

4. 7/8” metal Furring channel @ 16” O.C. 

5. 5/8” Gypsum Board 

 

      

 

R-8.25 
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2.2.2. Roof: Thermoplastic Polyolefin (TPO) Roofing System 

TPO is a type of single ply roofing membrane. There are two primary categories 

within the single-ply roofing industry, as defined by the National Roofing 

Contractors Association (NRCA): thermoplastic membranes and thermoset 

membranes. TPO is part of the thermoplastic membrane category. Table 8 lists the 

characteristics of the roofing system incorporated into the building envelope, which 

consists of 3 layers; from outside to inside these layers are: a mechanically fastened 

TPO roofing system, a 6” polyiso insulation (R-30), and a 5/8” of plywood decking. 

The red oval shape in Figure 7 shows the typical TPO design specifications 

incorporated in the building. 

 

Figure 7: TPO Roofing system 

Table 8: Envelope measures - Roof 

Inputs 

 

 

Envelope Measures for Roof 

TPO Roofing System with 3 layers (layers listed 

from the outside to the inside of the wall): 

1. Mechanically fastened TPO roofing system 

2. 6” Polyiso insulation (R-30) 

3. 5/8” Plywood decking 

 

 

      

 

R-30 
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2.2.3. Windows 

Windows are a major source of heat gain in the buildings not only because of their 

relatively lower R-value when compared to the walls, but also due to their 

transmissivity which allows solar irradiation into the building. Window area or a 

window-to-wall ratio (WWR) is an important variable affecting energy performance 

in a building. The WWR is the measure of the percentage area determined by 

dividing the building's total glazed area by its exterior envelope wall area. Window 

areas will have impacts on the building's heating, cooling, and lighting.  

The building has a total of thirteen (13) windows. There are 3 different types of 

windows or glass types in the building. Table 9 specifies the different glass types, 

sizes, and names. Figure 8 is an architectural floor plan, where the windows and 

doors are specified. The  codes used in Figure 8 are illustrated in Table 10.. All glass 

types are low-e double glazed windows, and have different coatings and thickness, 

depending on the location of the window/door.   

Table 9: Windows’ Glass Types 

Glass 

Type 

Thickness 

(in) 

Thickness 

(mm) 

Name 

GL1 
1 

5

16
 

33.34 Clear Solar Ban 60 #2 

GL2 9

16
 

14.2875 Clear Solar ban 60 #2 

GL3 1

4
 

6.35 Clear Tempered 
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Figure 8: Alumni Building Architectural plan – Windows floor plan 

Table 10: Window type reference table (from Figure 8) 

Reference Glass Type(s) Door/Window Quantity 

SF1 GL2 Main Door 1 

SF2 GL1 & GL2 Door (GL2) & Window (GL1)  1 

SF3 GL1 & GL2 Door (GL2) & Window (GL1)  1 

SF4 GL1 & GL2 Door (GL2) & Window (GL1)  2 

SF5 GL1 Window  2 

SF6 GL1 Window  2 

SF7 GL1 Window  5 

SF8 GL1 Window 1 

SF9 GL3 Window 1 

 

2.3. HVAC System 

Studies have shown that Americans spend as much as 90% of their time indoors at 

work, shopping, and entertainment; all of which contribute greatly to energy demand 

and use [25] [26]. Energy loads from HVAC systems dominate the percentage of 

total energy requirements in the United States, accounting for as much as ~35% [27].. 

A thorough analysis must be conducted when selecting and sizing the HVAC systems 



 

 

23 

 

for buildings to ensure optimal thermal comfort as well as the implementation of 

energy efficient measures.    

One of the outcomes of this project was the retrofitting of the HVAC system in the 

building. The old Florida Tech Alumni center had a central heat pump unit with a 

split system single zone that was rated at 36,000BTU/hr. Several options for 

retrofitting the HVAC system for the new building were considered, such as 

geothermal heat pumps, variable refrigerant flow systems (VRF), and multi- zone 

energy efficient heat pump systems.  

The systems were compared based on energy performance, cost analysis, cost 

constraints, installation, and a variety of other parameters. These parameters helped 

inform the selection process with the outcome being the selection of the 3-Zone Heat 

Pump system that will be used in the building.  

The typical occupancy of the building is 6 people for the office spaces and is expected 

to have a maximum occupancy of 25 people in the conference room/classroom when 

a large meeting/class is in session. The building consists of three thermal zones, as 

shown in Figure 9, and each zone is equipped with a heat pump unit. It should be 

noted that the amount of outside air supplied by each air handling unit varies between 

a minimum and a maximum value that is being adjusted by louvers depending on the 

CO2 level in each space. 

The HVAC system for the current building includes 3 systems: two 17.0 SEER/9.6 

HSPF Split HP units, with nominal tons values of 2.5 and 4; and one 17.5 SEER/9.6 

HSPF Split HP unit with a nominal tons value of 3. It is essential to assign spaces 

within the building to zones to manage energy simulation and data sharing/export. 

The details regarding individual heat pump units associated with each zone are listed 

in Table 11. 
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Figure 9: Building layout with assigned thermal zones 

 

Table 11: New HVAC System Specifications 

Condensing Unit CU-1 CU-2 CU-3 

Compressors 1 1 1 

Nominal Tons 3.0 2.5 4.0 

Suction Temperature 45 45 45 

Ambient 95 95 95 

Manufacturer TRANE TRANE TRANE 

Model Number 4TWR7036 4TWR6030 4TWR7048 

S.E.E.R. 17.5 17.0 17.0 

Voltage/phase 208/1 208/1 208/1 

MCA (AMPS) 21.0 17.0 28.0 

MOP (AMPS) 35.0 25.0 45.0 

Heating Capacity at 47 

°C (MBH) 

33.2 28.8 46.0 

COP at 47 °C 3.9 4.4 3.7 

    

Air Handling Unit AHU-1 AHU-2 AHU-3 

Manufacturer Trane Trane Trane 

Model Number TAM9A0C36V31 TAM9A0B30V31 TAM9A0C48V41DA 

Cabinet Vertical Vertical Horizontal 

Cooling Coil Single Circuit Single Circuit Single Circuit 

Electric Heater (kW) 5.76 5.76 7.2 
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Fan Motor Size (HP) 1/2 1/2 3/4 

Nominal Tons 3.0 2.5 4.0 

Supply Air (CFM) 1,225 985 1,620 

Outside Air MIN/MAX 

(CFM) 

35/95 30/105 95/180 

Design flow (CFM)  30 30 125 

Minimum design flow 

(cfm/ft2) 

0.06 0.06 0.06 

Minimum flow (cfm/ft2) 0.06 0.06 0.06 

Air flow (cfm) 35 30 95 

Flow per person 

(cfm/person) 

5 5 5 

Flow per area (cfm/ft2) 0.06 0.06 0.06 

Entering Air (DB/WB) 77.6/64.7 77.4/65.0 77.7/64.7 

Leaving Air (DB/WB) 57.2/55.1 56.8/55.0 56.9/54.9 

Total Cooling Capacity 

(BTU/hr) 

35,700 30,000 48,000 

Sensible Cooling 

Capacity (BTU/hr) 

27,400 22,400 36,800 

Voltage/Phase 208/1 208/1 208/1 

MCA (AMPS) 39.0 39.0 50.0 

MOP (AMPS) 40.0 40.0 50.0 

 

The outdoor airflow required in the breathing zone of the occupied spaces in a 

ventilation zone shall be no less than the value specified by ASHRAE 62.1-2019, 

“Table 6.2.2.1 Minimum Ventilation Rates in Breathing Zone” [28]. The outdoor 

airflow rate required per person for each space is shown in Table 12.  
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Table 12: Minimum ventilation rates required per breathing zone (ASHRAE 62.1-

2019) [28] 

Occupancy Category Rp (cfm/person) 

Conference/Meeting Room 5 

Office Spaces 5 

Rp = Outdoor airflow rate required per person. 

The AHU-1 and AHU-2 are located in electrical/mechanical room and serve the 

office spaces. Based on ASHRAE 62.-2019 [28], the amount of outside air (cfm) 

required into the building in office spaces is 5 cfm/person; so, with 6 people in the 

building, the required amount of fresh air into the building will be 30 cfm. The 

maximum amount of outside fresh air that AHU-1 and AHU-2 can bring into the 

building is 200 cfm which is more than enough to cover the requirement. The AHU-

3 serves the conference room and based on ASHRAE 62.-2019 [28], the amount of 

outside air (cfm) required into the building is 125 cfm when the space is at maximum 

occupancy of 25 persons. The maximum amount of outside fresh air that AHU-3 can 

bring into the building is 180 cfm which is again more than enough to cover the 

requirement.  

The maximum capacity of the three air handling units for bringing fresh outside air 

is 380 cfm, as seen in Table 11. This amount is adequate to cover at least the fresh 

air requirements for 72 occupants which is larger than the maximum occupancy 

expected for the Alumni Center building. Therefore, the Alumni Center building at 

Florida Tech meets the requirements set by “ASHRAE Standard 62.1-2019, 

Ventilation for Acceptable Indoor Air Quality” to provide excellent indoor 

environmental comfort and health. 

The louvers are installed to adjust the amount of fresh air supplied to each zone. The 

building is equipped with CO2 sensors to measure CO2 concentration as an accurate  

representation of building occupancy. CO2 sensors are installed in the return air duct. 
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The louvers will be adjusted according to the CO2 sensors readings. The outside 

airflow rate is controlled linearly between maximum and minimum values. When the 

AHU/CU is off, the  minimum setting for CO2 sensors is set at 700 PPM or less for 

up to a maximum position at 1000 PPM or more.  

 

2.4. Lighting System 

A study conducted by PNNL at the Alston & Bird LLP, Law Offices in Atlanta, GA, 

16 floors were remodeled using LED luminaries. The cost of the LEDs was estimated 

by the design team to be 17% higher than the equivalent CFL equipment while their 

energy consumption was nearly half of their CFL counterparts. Over a ten-month 

energy evaluation, it was found that the building had a 26.5% average energy 

reduction per square foot. [23]. 

In the current energy renovation of the Alumni Center building, all lights were 

replaced with LEDs. Table 13 shows a detail view of the lighting fixture schedule. 

Table 14 and Table 15 demonstrate the interior and exterior lighting power density, 

respectively. On a typical day, 90% of the installed lights are turned on. 

Table 13: Lighting fixture schedule 

Lighting Fixture Schedule 
# TYPE MANUFACTURER MODEL LAMP LUMENS W 

B Recessed 

LED 2X2 

CREE CR22-32L-ACK-POE LED 3,200 32 

EM Wall 

mounted 

emergency 

light 

Phillips OCLM LED - 12 

W Exterior 

wall 

LITHONIA DSXW1 LED 10C 350 

40K T4M MVOLT 

LED 1,458 13 

EX Exit BEGHELLI FRM-C-LR-1-U-W-W LED - 5 
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Table 14: Interior Lighting Power Density 

Interior Lighting Power Density  
Energy use vs. Allowance - Summary 

 Allowance Luminaries  

Area Area 

(ft2) 

Allowed 

(W/ft2) 

Allowed 

Watts 

# Type Watt Designed 

Watts 

Designed 

(W/ft2) 

Conference 

Room 

1,282 1.2 1,538 31 8 32 992 0.8 

Kitchen 98 1.1 108 2 8 32 64 0.7 

Storage 89 0.8 71 2 8 32 64 0.7 

Woman 

R/R 

127 1.0 127 2 8 32 64 0.5 

Man R/R 107 1.0 107 2 8 32 64 0.6 

Computer 

Area 

55 1.1 61 1 8 32 32 0.6 

Entrance 

Hall & 

Other 

327 1.0 327 6 8 32 192 0.6 

Hallway 250 0.8 200 5 8 32 160 0.6 

Mech. 

Room 

72 0.8 58 1 8 32 32 0.4 

Office 1 148 1.1 163 3 8 32 96 0.6 

Office 2 107 1.1 118 2 8 32 64 0.6 

Office 3 107 1.1 118 2 8 32 64 0.6 

Office 4  105 1.1 116 2 8 32 64 0.6 

Office 5 110 1.1 121 2 8 32 64 0.6 

Office 6 101 1.1 111 2 8 32 64 0.6 

Mix R/R 103 1.0 103 2 8 32 64 0.6 

Janitor 23 0.8 18 1 8 32 32 1.4 

Storage 41 0.8 33 1 8 32 32 0.8 

Total 3,252  3,497   2,208 2,208 0.7 

 

Table 15: Exterior Lighting Power Density 

Exterior Lighting Power Density 
Energy use vs. Allowance - Summary 

 Allowance Design 

Area Linear 

(ft) 

Power 

(W/ft) 

Total # Typ Watt Total 

Main entrance 

& other doors 

310 0.7 217 9 W 13 117 

Base 

allowance 

- - 600     

  Total 817   Total 117 
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2.5. Shading 

Shadings are incorporated in the building to help block the direct sunlight that 

transmits through the glasses in order to minimize the cooling load. This EEM is 

implemented in 4 windows with shading overhangs, and 2 windows with dynamic 

(automatically controlled) shades. 

Overhangs in the east-facing outer walls of the building are installed to  block 

incoming solar irradiation. An automatically controlled shading system is 

incorporated in the conference room which can dynamically control the amount of 

solar radiation coming in through the window, offering an optimal balance between 

the benefits of natural light and the additional cooling load associated with it. Table 

16 lists the features and specifications for the shades and Table 17 lists the fabric 

specifications of the automatically controlled shades fabric located in the conference 

room.  Incorporating shading in the building design is an important passive energy 

efficient measure as it results in decreasing the cooling load which reduces energy 

consumptions and energy costs. 

Table 16: Features and Specifications of the Shades  

Features and specifications of the 

Lutron Roller 100 Shade 

 

o Ultra-quiet operation: will not exceed 38 

dBA measured 3 ft (1 m) from the Electronic 

Drive Unit (EDU).  

o Shades move in perfect unison and exact 

alignment within 0.125 in (3 mm) accuracy 

at all times.  

o Smooth, silent starts, and stops. 

o Offers programmable stop points. The EDU 

tracks the position of the shade and is able to 

adjust it to predetermined locations at the 

touch of a button. 

o Provides maximum window coverage with 

the smallest possible light gaps, 0.75 in (19 

mm) between the shade fabric and the 

outside edges of the shade brackets. Light 

gaps are symmetrical on both sides of shade.  
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o Easy-to-read and easy-to-use controls.  

o Does not require group controls or relay 

systems to create shade groups and sub-

groups. 

o Operating voltage: 24-36 V low-voltage 

power. 

 

Shade fabric specifications 

 

o Lutron family name of the shading fabric: 

“Sheerweave 4900” (Model number P06-49-

3). 

o Thickness: 0.0270 in (0.7 mm). 

o Material: 17% Polyester, 83% Vinyl on 

Polyester. 

 

 

Table 17: Shade fabric energy specifications 

Openness 

Factor (OF) 

Visible light 

Transmittance 

(Tv) 

Solar 

Transmittance 

(Ts) 

Solar 

Absorptance 

(As) 

Solar 

Reflectance 

(Rs) 

3% 10% 11% 8% 81% 

 

2.6. Energy Metering 

To support the energy management in the building and target energy saving 

opportunities, the building’s energy use is tracked with advance energy metering is 

accomplished. Table 18 provides a list of meters installed in the building, indicating 

meter type and metered energy source. 

Table 18: Alumni building’s energy metering description 

Meter Type Metered Source  Description  

 

 

✓ 4 power meters, meter 

disconnects and shorting 

blocks  

• NEMA 1 enclosure mounted inside 

electrical room  
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Power Metering 

Enclosure 

✓ Schneider Electric PM-

8000 Power Meters (Qty. 

2) 

•PowerLogic PM8000 series meter: 

Multifunction Power meter  

• Meter installed on Panel MP: incoming 

feeds from utility company  

• Meter installed on Panel MP: incoming 

feeds from solar grid  

 

✓ Schneider electric EM-

4900 Series Multi-circuit 

Power Meters (Qty. 2)  

• PowerLogic EM4900 series meter: adds 

metering points that can measure current, 

voltage, power energy consumption, and 

total harmonic  

• Meter 1: 42 branch circuit power meters 

• Meter 2: 12 branch circuit power 

meters  

 

Domestic Water 

Meter (Qty. 2) 

✓ Onicon Flow Meter 

(Qty. 1)  

• Domestic building supply line  

✓ Onicon Flow Meter 

(Qty. 1)  

• Domestic hot water supply line  

 

2.7. Building Energy Simulation 

The characteristics of the new building that were discussed in the previous sub-

section are summarized in Table 19 and Table 20. 

2.7.1. Energy Utility Rates 

Utility rate analysis is based on 2017 data obtained from the Florida Power Light 

(FPL) monthly electric bills with an annual energy consumption of 16,688 kWh and 

its corresponding cost of $1,867.41. Electric costs used a blended rate of $0.12/kWh, 

which includes yearly average base rate and demand charges for Florida commercial 

buildings. 
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2.7.2. eQUEST Model: Energy Simulation  

The energy model for the current building is developed using eQUEST energy 

simulation tool. eQUEST is a popular free energy modeling software tool provided 

by DOE 2 simulation engine [29] and it contains a set of graphics and wizards 

developed on it. eQUEST can be used at all the different stages of a building 

simulation development, including its early design stages throughout its final 

construction stages [30]. eQUEST contains built-in wizards that allow the user to 

construct a building within the software, including building envelope, occupancy 

schedule, occupancy loads, energy loads, and more; and ultimately, it allows the user 

to run simple and/or complex simulations [31]. 

 Energy modeling tools can be used with pre-made solid objects or imported 

geometric models. For this work, the building was designed from scratch in 

eQUEST, where all the details of the building were implemented, such as: 

architectural model, mechanical specifications, building envelope, HVAC systems, 

equipment schedule of operation, and occupancy, among others. The list of all the 

different energy efficiency measures (EEMs) used for the model as inputs have been 

listed in the previous sections of the current work. eQUEST is used to build the 

energy model of the building and simulate the annual energy consumption (on an 

hourly basis) based on weather data related to the building’s location (in this case the 

climatic data of Melbourne, FL (28.0836269, -80.608108)). 

2.7.3. Model Inputs 

The energy model for the Alumni Center building was simulated in eQUEST. Table 

19 describes the list of the EEMs implemented in the model (which are the actual 

parameters of the building today), and Table 20 lists the schedule of operation of the 

different spaces in the building.  



 

 

33 

 

Table 19: Building model assumptions used for simulation 

System Description 
Model Assumptions 

(EEMs after energy renovation) 

Building Envelope 

Roof 

TPO Roofing System (layers listed from outside to 

inside): 

- Mechanically fastened TPO roofing system 

- 6” Polyiso insulation (R-30) 

- 5/8” Plywood decking 

Walls 

CMU Block Walls System (layers listed from outside to 

inside): 

- 3-part stucco painted over 8” CMU block wall  

- 1 ½” foil faced rigid insulation, R-8.25 (R 5-5/inch) 

- 7/8” metal. Stud. Furring (16” o.c.) 

- 5/8” gypsum Board 

 

Windows 
Low-E Double Glazed Windows and doors 

 

Overhang shading 
Overhang shading is implemented in the 4 east-oriented 

office windows.  

Roof color White Surface 

HVAC System  

SEER Value 

- Zone 1 and 2 each have a 17.0 SEER/9.6 HSPF Split 

HP, with 2.5 and 4 nominal tons each. 

- Zone 3 has a 17.5 SEER/9.6 HSPF Split HP, 3 nominal 

tons. 

 

Type of Control 

- Cooling -74ºF when occupied & 82 ºF unoccupied 

including weekends /holidays. 

- Heating -72ºF when occupied & 62 ºF when not.   

- Most lights are turned on at 7AM and off at 7PM. 

- Infiltration: “Medium” (0.038 cfm/sqft.) 

 

Schedule of Operation of 

the HVAC System 

- Common Office: 7:00 AM –  6:00 PM  

- Conference Room: 7:00 AM –  7:00 PM (which is 

used as a classroom most of the time). 

Lighting 

Schedule of operation of the 

Lighting System 

- On a typical day, 90% of the installed lighting is 

turned on (ignoring daylight harvesting controls but 

including occupancy sensors). 

- 20% of corridor is on during off hours (corridor lights). 

 

Lighting Specs - 32 Watts LEDs for all interior lighting. 
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- Refer to Table 14 for specifications on interior lightning 

power density. 

 

Table 20: Schedule of Operation for the building  

Schedule of Operation 

Conference room/Classroom Monday – Friday (8 am to 7 pm) 

Weekends, Holydays, and school summer 

and winter vacations unoccupied 

Office Spaces Monday – Friday (8 am to 5 pm) 

Weekends and Holydays unoccupied 

 

2.7.4. Energy Simulation: Analysis and Results 

This section of the current work presents and discusses the results obtained from the 

energy model of the new Alumni Center building at Florida Tech done in eQUEST. 

As previously mentioned, the EEMs that were implemented in the simulation for the 

energy model of the building are listed in Table 19; since these are the selected 

combination of energy efficient parameters that are included in the actual building. 

The main results for the energy analysis are shown in Table 21. Appendix A lists the 

outputs obtained from the energy simulation done in eQUEST for the weather data 

and energy consumption of the building for an entire year. 

Table 21: Tabulated results obtained from the energy simulation of the building for 1 

entire year 

Electricity consumption 28,030 kWh 

Total Annual electricity peak 

demand 

12.46 kW 

EUI (Energy Use Intensity) 15 kBtu/ft2/year 
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Before the energy renovation of the building, the overall electricity consumption for 

the 2017 year was 16,688 kWh. From Table 21, it can be seen that by implementing 

the selected combination of EEMs, the estimated electricity consumption of the 

building simulated in eQUEST, is determined as 28,030 kWh for an entire year. 

It is important to mention again that the before the renovation, the building was 

approximately 2,350 ft² and after the renovation and with the new addition to the 

existing building (the conference room was added) the building size was increased 

to 3,583ft². With the implementation of the EEM’s to the building after the energy 

retrofit, the building experienced a higher energy consumption. However, the size of 

the building before and after the energy retrofit, is not the same as well as the 

occupancy of the building. Before the renovation, the building was approximately 

2,350 ft2 with an occupancy of 4-6 people in the offices, and after the renovation the 

building ended up being 3,583 ft2, with an occupancy of 6 people in the office spaces 

and 15- 25 people in the conference room (which is being used as a classroom on a 

weekly basis). The complete energy renovation transformed the building into an 

energy efficient one; so even though the building size increased, the energy 

consumption per unit area was still significantly reduced.  

Furthermore, the implementation of Photovoltaic (PV) panels in the building, 

generates adequate electricity to offset the annual electricity requirement for the 

building. This reduces the amount of greenhouse gas emissions to the environment, 

setting an example for other buildings in the same climatic location and that have 

similar sizes and uses.  

 Figure 10 shows the monthly total energy consumption of the Alumni Center 

building simulated in eQUEST, and  Figure 11 shows the breakdown of monthly 

end-use energy consumption. It can be seen that space cooling is the largest energy 

consuming category, followed by lighting system and miscellaneous equipment; and 
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the end use categories that consume the least electricity is space heating. For hot and 

humid climate zones, it is expected that space cooling and lighting are the largest 

energy consumer by end use category and space heating to be the least energy 

consuming end use category.  

 

Figure 10: Monthly total energy consumption of the Alumni building simulated in 

eQUEST. 
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Figure 11: Annual electricity consumption of the Alumni Building simulated in 

eQUEST. 

 

Table 22 represents the actual billed data obtained for the Alumni Building since it 

started being operational up until the moment this work was finalized, from June 

22nd, 2020 to February 19th, 2021. Table 23 displays a comparison between the actual 

billed energy consumption and the energy consumption obtained from the simulated 

model in eQUEST, also from June 22nd, 2020 to February 19th, 2021. Similarly, 

Figure 12 shows Bar chart of the actual billed energy consumption and the energy 

consumption obtained from the simulated model in eQUEST. 
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Table 22: Actual Billed Data for the Energy Consumption 

Of the Alumni Center Building from June 22nd , 2020 to February 19th, 2021 

Month Energy Consumption (kW) 

June 22-July 22 4753 

July 22 - Aug 21 4187 

Aug 21 - Sep 22 4002 

Sep 22 - Oct 21 3789 

Oct 21 - Nov 19 2195 

Nov 19 - Dec 19 1426 

Dec 19 - Jan 21 1471 

Jan 21 - Feb 19 1895 

Feb 20 – March 22 1245 

 

Table 23: Table of comparison between the actual billed energy consumption and the 

energy consumption obtained from the simulated model in eQUEST. 

Month of the 

Year 

Actual (Billed) 

Energy Consumption (kW) 

eQUEST Model 

Total Monthly EC (kW) 
Error (%) 

Aug 21 - Sep 

22 
4002 2609.12 34.80 

Sep 22 - Oct 

21 
3789 2300.67 39.28 

Oct 21 - Nov 

19 
2195 2127.42 3.08 

Nov 19 – Dec 

19 
1426 2013.36 41.19 

Dec 19 - Jan 

21 
1471 2219.59 50.89 

Jan 21 - Feb 19 1895 2096.81 10.65 

Feb 20 – 

March 22 
1905 2243.97 17.79 
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Figure 12: Bar chart of the actual billed energy consumption and the energy 

consumption obtained from the simulated model in eQUEST. 

The renovation of the Alumni Center building was finalized during summer 2020 

and started to being occupied around that time (mid-June). At the moment of writing 

the current work, less than one year of billed/actual data for the electricity 

consumption of the building was available. The results obtained from the energy 

simulation performed in eQUEST are very reasonable for this specific building when 

compared to the actual billed/actual energy consumption data.  

From Table 23 and from Figure 12, it can be seen that there is a large discrepancy 

between the actual (billed) data for energy consumption and the simulated energy 

consumption. The reason for this discrepancy is due to different reasons; which are 

explained below by categorizing the time period of the billed data into four categories 

as follows: 
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• Category #1 – Building was still under construction (From August 21st to Oct 

21st): These two months are the construction pre-completion months. The 

building was not fully finished by this time, so during the weekends there was 

welding going on in the building, as well as other constructions. From Table 

23 and Figure 12, for these two months, it can be seen that the error between 

the actual (billed) data for energy consumption and the simulated energy 

consumption is above 30%, and it is expected since during this time the 

building was not used according to the schedule that was entered in the 

eQUEST model since the building was still under construction.  

• Category #2 – Building is fully completed and starting to operate as expected 

(From October 21st to November 19th & January 21st to February 19th): These 

months best represent he capability of the eQUEST model because the input 

to the model are almost a match to the actual operation schedule of the 

building. From Table 23 and Figure 12, for these months, it can be seen that 

the error between the actual (billed) data for energy consumption and the 

simulated energy consumption are 3% and 10% for the months of October to 

November and January to February, respectively. 

• Category #3 – Holiday months & COVID-19 situation (From November 19th 

to December 19th & From December 19th to January 21st): During this month, 

and because of the COVID-19 situation, the University decided to make some 

significant changes to the schedule of operation. The students did not come 

back for the exams after Thanksgiving, so the conference room was 

essentially not in operation for part of November as well as the entire month 

of December. In January, for the safety of the students, faculty and staff, the 

University administration decided to continue the classes specifically in a 

remote format for the first two weeks of the semester, until January 25th. 

Therefore, because of the unforeseen COVID-19 situation caused a change 
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in schedule of the building operation, which are not accounted for in the 

eQUEST model, the actual consumption is different from what is measured. 

From Table 23 and Figure 12 for these months, it can be seen that the error 

between the actual (billed) data for energy consumption and the simulated 

energy consumption are 41% and 50% for the months of November to 

December and  December to January, respectively. 

• Category #4 – Solar Panels start to operate (February 20th to March 22nd): 

During this month, in late February, the solar panels of the building started 

to be operational. So the metered value actually reflects the net amount of 

energy consumed by the building. From Table 23 and Figure 12 for this 

month, it can be seen that the error between the actual (billed) data for energy 

consumption and the simulated energy consumption is 80%. 

 

Therefore, the only 2 months to which the results obtained from the eQUEST model 

can be compared to the actual billed data for the electricity consumption of the 

building is the time period from October 21st to November 19th and from January 21st 

to February 19th. These months are the only time where the building functioned in 

normal operating conditions. The billed data for October 21st to November 19th was 

given as 2,195 kWh, and the electricity consumption of the eQUEST model for the 

same months is 2,127 kWh, showing an error of 3%; and the billed data for January 

21st to February 19th was given as 1,895 kWh, and the electricity consumption of the 

eQUEST model for the same months is 2,096 kWh, showing an error of 10%. 

Consequently, when comparing the electricity consumption of the actual building 

versus the simulation, the results are satisfactory. 
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2.7.5. Energy Use Intensity  

The performance of the building is also compared against similar types of buildings 

in the hot and humid climate. For this purpose, Energy Use Intensity (EUI) will be 

used. EUI provides energy use per square foot of the building and allows building 

owners to understand how the building is performing compared with similar 

buildings. The total annual energy consumption of the building in kBtu will be 

measured and divided by the square footage of the building to produce the site EUI. 

This value will be then converted to source EUI by multiplying in proper conversion 

factor and will provide an accurate measure of the performance of the building. 

However, there is not enough information available on a benchmark on median 

source and site EUI values for small office buildings in hot and humid climate.  

In the absence of a standard or benchmark it is difficult to compare the energy uses 

between buildings or structures, especially for small office buildings located in a hot 

and humid subtropical climate zone. Simply measuring the amount of energy used 

per a chosen time period does not consider building size, configuration, or type of 

use. The use of an Energy Use Intensity (EUI) indicator provides the means to 

equalize the way that energy use is compared between various types of buildings and 

evaluate the means of reducing overall energy consumption.  

The U.S. National median reference for Site and Source EUI given by Energy Star 

Portfolio manager, for office buildings is 52.9 kBtu ft²/year and 116.4 kBtu ft²/year, 

respectively [32] [33]. According to the National/ASHRAE 90.1-2016 for small 

office buildings, the estimated Site EUI is given as 26 kBtu ft²/year and the estimated 

Source EUI is given as 75.7 kBtu ft²/year [34]. The EUI for the exiting building prior 

to the retrofit was 24.2 kBtu/ ft²/year. Currently, the Energy Use Intensity of our 

model stands at 15 kBtu/ft²/year. A significant reduction in the total EUI for the 

Alumni Center building was achieved even though the square footage of the building 
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was increased, and this is due since there was a complete energy renovation of the 

building where the implementation of several energy efficiency measures, previously 

discussed in this work, was achieved. 
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Chapter 3  
Neural Network Modeling 

 

A case study was carried out to evaluate the implementation of a Neural Network-

based model to predict energy consumption in an office building located in a humid 

sub-tropical climate. As mentioned in the previous Chapters in the current document, 

the Alumni Center Building at Florida Institute of Technology is a single-story 

building located in Melbourne, FL, with an approximate area of 200 m2. A baseline 

simulation model of the building was performed using eQUEST, to simulate the 

behavior of the building and predict the yearly energy consumption as well as the 

weather data for the particular location.  

The selected input and output data for the NN method analysis that is presented in this 

paper, corresponds to the weather parameters and energy consumption obtained from 

the simulation model performed in eQUEST. The following sections in this report, 

will describe the network architecture, the input and output data that was used to build, 

analyze, and test the network, the obtained results, and discussions. 

 

3.1. Neural Networks: Background and Introduction 

The biological motivation behind Neural Networks (NN) is inspired by a model of 

how the brain works. The brain is made up of billions of neurons, each connected to 

thousands of other neurons. Each neuron in the brain naturally receives 

electrochemical inputs from other neurons, which activates the neuron so that it can 

transmit this electrochemical signal to other neurons. This is known as 

“interconnected electro-chemical transmitting neurons”, and because of these 

interconnections (“each performing a weighted sum of its inputs, and then firing a 
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binary signal if the total input exceeds a certain level”), the brain is capable of doing 

different kind of tasks, even very complex ones. NN are driven as a model of how 

neurons in the brain work and use this concept of connected circuits to simulate a 

certain behavior. Even though, artificial neural networks (ANN) haven’t come close 

to simulate the human brain, they aim to follow its biological connections, and have 

been proved to be good at solving certain problems like data forecasting based on 

previous knowledge and/or image recognition [35] [36]. 

An ANN is composed of successive fully connected layers, where each layer uses the 

output of the preceding layer as its input (Figure 13). The simplest architecture of a 

Neural Network is composed of an input layer, a single hidden layer, and an output 

layer; usually this type of NN is referred to as a two-layer NN (the input layer is not 

counted). The purpose of the hidden layers of a NN is to learn the linear/non-linear 

transformation of features from the input to the output data. Each of these hidden 

layers consist of elements/neurons, which can take several inputs and produce one or 

several outputs. The input data placed into the NN will be forward propagated through 

all the hidden layers until the output layer to produce the response of the Neural 

Network. The response of the NN is tested against the input data to obtain the 

performance of the NN; the performance of a NN for a regression task is usually 

measured with the mean square error (MSE). Finally, the weights and bias for each 

layer of the trained NN are saved and used in the NN for future testing with new data. 



 

 

46 

 

 

Figure 13: Neural Networks Schematic 

It is important to understand how the Neural Network computes the linear/non-

linear transformation between the inputs and outputs. The neurons inside each layer 

take as inputs the outputs of the previous layers, a set of weights for that corresponding 

neuron, and the bias weight to produce an output response “𝑦”. Where “𝑎” 

corresponds to the activation vector, and “𝑔” is the activation function of the neuron, 

which can be a log-sigmoid function, a rectified linear function, a linear function (used 

in the output layer of a regression model), etc.  

𝑎 = 𝑤𝑥 + 𝑏 (1)  

𝑦 = 𝑔(𝑎) = 𝑔(𝑤𝑥 + 𝑏) (2) 

The Neural Network computes the I/O equations for each layer, and then uses the 

mean square error to compare the predicted output with the targeted output. Since the 

model will not be accurate at the beginning, the Neural Network will also compute 

the gradients with respect the weights of each layer. Finally, the weights and biases 

are updated every epoch (or iteration) with new weights in order to reduce the MSE, 

and obtain an accurate model as follows: 

𝑤𝑘+1 = 𝑤𝑘 − (𝑙𝑒𝑎𝑟𝑛𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 ∗  
𝑑𝐸

𝑑𝑊
) (3) 
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3.2. Network Design 

The neural network model that is presented in this paper was built using MATLAB 

Deep Learning Toolbox [37]. Deep Learning Toolbox® “provides algorithms for 

creating, training and analyzing deep networks” [38]. For this work, a supervised 

neural network architecture was built, where a model was built to make predictions 

based on previous knowledge (evidence). The algorithm, or network, learns from by 

identifying patterns by taking a set of input and output data (known responses). 

Therefore, a supervised learning algorithm takes a series of known inputs and outputs 

and trains the model to make predictions as a response to new data [39]. The 

forementioned process is represented in Figure 14. 

 

  

Figure 14: Supervised Learning Workflow [39] 

 

There are three kinds of datasets used to develop a robust ANN model: training, 

validation and testing datasets. The training samples are presented to the network 

during the training stage, and the network is adjusted, or “trained”, according to its 

error. Through the training process, the weights and biases within a network are 

continuously becoming adjusted to converge to the optimal values that perform the 

best map between the inputs and the outputs. The validation samples are used to 

measure the model’s generalization, and to stop the training when convergence has 
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been reached. The testing samples are mainly used to measure how well the model 

generalizes, i.e., how well the model performs with new datasets.  

For the current work, the given datasets used to build the neural network consists of 

365 samples; of which 80% of the data is used for training, 10% for validation, and 

10% for testing. 

3.2.1. Preprocessing the data  

From the energy simulation of the eQUEST model that was built for the Alumni 

Center building, the hourly weather data as well as the energy consumption of the 

building were obtained. The data used for constructing the NN was divided into 

inputs and output data. The data obtained from the eQUEST model consisted of 8760 

samples (one entire year of hourly data; based on TMY3 data that uses an average of 

10 year data).  Then the inputs and output were selected.  

The selected inputs are: outside dry bulb temperature (˚C) and global horizontal solar 

irradiation (W/m2). The selected output is: energy consumption (kWh). The hourly 

data values were then processed or converted into daily values, so that the input and 

output values to the NN were data sets of 350 samples each. The hourly outside dry 

bulb temperature was converted into average daily, and the hourly solar irradiation 

and energy consumption were converted into total daily. 

A scatter diagram, or scatter plot, essentially shows the relationship between two 

variables. It shows whether the data or variables are related/correlated with each 

other or not. A scatter plot represents its data on a two- axis graph, where the input 

variable is located on the x-axis and the output variable is located on the y-axis. A 

positive correlation means that the values of both variables increase linearly (as the 

values of one variable increase, the values of the other variable increase as well). A 

negative correlation means that as the values of one variable increase, the values of 
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the other variable decrease, and vice versa. No correlation means that the values or 

data points in the plot are arbitrarily scattered showing no pattern whatsoever [40].  

 

Figure 15: Relationship between the energy consumption and the humidity ratio for 

the occupied days and the unoccupied days of the Alumni Center building 

 

As mentioned in previous sections of this work, the building is used both as an office 

and a classroom (the conference room is currently being used as a classroom), so the 

schedule of operation of the building from  Monday to Friday is from 8-5 for the office 

spaces and from 8-7 for the conference room. The building is unoccupied for several 

days a year (weekends and national holidays), and the conference room, which is used 

as a classroom, is also unoccupied on the weekends and national holidays and also 

not used during school’s summer and winter vacations.  



 

 

50 

 

Figure 15 shows a scatter plot of the relationship between energy consumption and 

outside dry bulb temperature for occupied and unoccupied days of the year for the 

Alumni Center building. It can be seen that the pattern for occupied and unoccupied 

data from the previous plot differ from one another. It can be seen that there is a 

positive relationship between the energy consumption and temperature for the 

occupied days; but there is really no relationship between the energy consumption and 

temperature for the unoccupied days.  From this plot, an observation is that it will be 

difficult to build a NN using all the data for energy consumption as well as weather 

data for an entire year including both occupied and unoccupied days. This way, the 

NN will not be able to understand this pattern between inputs and outputs since there 

is no relationship between weather data and energy consumption for occupied days 

versus unoccupied days. Therefore, the solution to this was to create new data sets for 

both the input and output data to the NN; and this was done by preprocessing/dividing 

the data sets into occupied days and unoccupied days. The resulting data consisted of 

two data sets: one data set that contains all the occupied days of the year for the 

building and another data set that contains all the unoccupied days of the year. 

The following scatter plots, Figure 16, Figure 17 and Figure 18, represent the input 

and output data used for building the NN. The data used for the following scatter plots 

consists of only the occupied days of the year for both the weather data and the energy 

consumption. 
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Figure 16: Relationship between energy consumption and outside dry bulb 

temperature 

 

Figure 17: Relationship between energy consumption and humidity ratio 
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Figure 18: Relationship between energy consumption and total daily horizontal 

radiation 

 

From the scatter plot shown in Figure 16, it can be seen that there is a positive 

correlation between the input of dry bulb temperature and the output of energy 

consumption, which means that as the outside dry bulb temperature increases, the 

energy consumption of the building also increases. From the scatter plot shown in 

Figure 17, it can be seen that there is a positive correlation between the input of 

humidity ratio and the output of energy consumption, which means that as the outside 

humidity ratio increases, the energy consumption of the building also increases. 

From the scatter plot shown in Figure 18 it can be seen that there is a positive 

correlation between the input of total horizontal irradiation and the output of energy 

consumption. However, it is a weaker correlation  than the correlation between the 

energy consumption and the temperature or humidity ratio; which means that the 

values on Figure 18 are randomly scattered showing no precise pattern.  
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The aforementioned scatter plots were created just to have a better understanding of 

the input and output data that will be then used to build the NN, and its correlation. 

The most obvious observation from the scatter plots, is that the three meteorological 

parameters have all a positive correlation with the energy consumption of the 

building and can be used as the inputs to the NN model. This discussion will be 

addressed more in the upcoming sections of this work when the NN results are 

presented. 

 

3.3. Neural Network Training  

The NN training stage consists of adjusting the weights and biases associated with 

the network by mapping a set of known input-output data. In this case, the desired 

output is the daily energy consumption of the building. This work presents two 

models of NN, and the difference between each model is the number of inputs. The 

fist model consists of one input and one output; outside dry bulb temperature and 

energy consumption, respectively. The second model consists of two inputs and one 

output; outside dry bulb temperature and solar radiation as inputs, and energy 

consumption as the output. The data used for training both Model 1 and Model 2, is 

obtained from the eQUEST simulation. While the simulation data is used for training, 

testing and validation, further cross check of the performance of the trained network 

is conducted using the actual bill data for the building. This will be further discussed 

later in this chapter.  

The two models were created using the NN architecture shown in Figure 19. Since 

both models use the same architecture, the one that provides the best performance 

for each  will be used to cross check the new data to achieve the highest accuracy in 

the calculation of energy consumption. This NN architecture provided the best mean 
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square error (MSE). The Mean Square Error (MSE) represents the error of the neural 

network model.  

 

Figure 19: Feedforward Levenberg-Marquardt back-propagation algorithm NN 

model [37] 

 

The regression plots shown in the following sections display the neural network 

outputs with respect to the data used for training, validation, and test sets. For a 

perfect regression plot, the data should imitate a 45-degree line, where the neural 

network outputs are equal to the known outputs. For each data tested (for each 

model), a regression plot is shown. Regression R values measure the correlation 

between network outputs and targets; an R value of 1, or close to 1, means a close 

relationship between the outputs, and an R value close to 0 means an odd 

relationship.  

The error histogram plots shown in the following sections represent the “histogram 

of errors between the target values and the predicted values after training a 

feedforward NN” [41]. In other words, the values shown in an error histogram 

suggest how the predicted values vary from the target values. The “bins” shown in 

these graphs symbolize the number of vertical bars. The x-axis represent the error 

axis; where an error close to 0 indicates good performance. The y-axis represent the 

number of samples, or “instances”, from the data set which is on a specific bin.    
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The validation performance plot represents the error vs. epoch for the training, 

validation, and test performances of the training of the NN [42]. The Mean Square 

Error (MSE) plotted in the y-axis decreases for the training set as the NN 

learns/adjusts the weights and biases through the training phase. At the same time, 

these optimal parameters (weights and biases) are used to calculate the output of the 

NN for the training and validation sets, and the MSE for each one. The MSE for the 

testing and validation sets also decreases since the NN is learning better parameters 

at each epoch. The optimal parameters of the NN are the ones that best minimize the 

MSE for the validation set; the closer the MSE for the validation set, the better the 

NN will generalize. This means that the NN will do well with data that was not used 

for training, i.e. new data. Typically, the error on the NN will reduce after more 

epochs, but the error may increase testing the validation data set as the network starts 

overtraining the training data set [42].  

 

3.3.1. Model 1: Training the NN with one input (dry bulb temperature) 

and one output (energy consumption) 

The purpose of this simulation is to study the energy consumption of the building as 

the ambient temperature changes through the year. For this simulation, one input 

variable and one output variable were selected. Dry bulb temperature (Tdb) is selected 

as the input variable and energy consumption (Ec) is selected as the output variable. 

The data was divided into occupied data and unoccupied data. For this reason, 2 NN 

are created: one NN using the occupied (Model 1.1) data and one NN using the 

unoccupied data (Model 1.2). Three hidden layers with 20 neurons each were used 

for this simulation. 
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 NN Model 1.1 using Occupied data 

Model 1.1 represent the NN that was created using the data set that contains only the 

samples for the occupied  days of the year. Appendix B table lists the input and output 

data used for this NN. The input feature for this NN consists of only the outside dry 

bulb temperature (°C) for the days of the year that the building is occupied (250 days: 

1 feature of 250 samples). The output feature for this NN consists of the energy 

consumption of the building (kWh) given by the eQUEST model for the days of the 

year that the building is occupied (250 days: 1 feature of 250 samples).  

Figure 20 shows the regression plots associated with the NN training simulation. The 

regression plots for training, testing and validation sets show the distribution of the 

data for each set with a linear regression resulting from the NN Model 1.1. The value 

of R for each data set is close to 1, which means that there is a strong relationship 

between the output of the NN and the target data points. 
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Figure 20: Data sets for Model 1.1 using one input and one output with only occupied 

data 
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Figure 21: Error histogram for Model 1.1 using one input and one output with only 

occupied data 

 

Figure 22: Validation performance for Model 1.1 using one input and one output with 

only occupied data 
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Figure 21 shows the error histogram of Model 1.1, and it shows an error histogram 

with 20 bins. The plot represents the errors between the target values and the 

predicted values after training a feedforward NN. From the figure, from the x-axis, 

it can be seen that most of the data fits under a bin corresponding to an error of 0.1475 

and the heigh of that bin for training data sets lies below 30 and the validation and 

test data sets lies between 25 to 35, meaning that several samples from the different 

data sets lie within those ranges. From the plot, the “zero error” is located under the 

bin with an error between targets and outputs of 0.1475. 

Figure 22 shows the validation performance plot of Model 1.1, representing the error 

vs. epoch for the training, validation, and test performances of the training of the NN. 

From the plot, the best performance is taken from the epoch that has the lowest 

validation error, in this case, epoch 7. 

 

 NN Model 1.2 using Unoccupied data 

Model 1.2 represent the NN that was created using the data set that contains only the 

samples for the unoccupied days of the year. Appendix C table lists the input and 

output data used for this NN. The input feature for this NN consists of only the 

outside dry bulb temperature (°C) for the days of the year that the building is 

unoccupied (115 days: 1 feature of 115 samples). The output feature for this NN 

consists of the energy consumption of the building (kWh) given by the eQUEST 

model for the days of the year that the building is unoccupied (115 days: 1 feature of 

115 samples).  

Figure 23 shows the regression plot associated with the NN simulation. The 

regression plots for training, testing and validation sets show the distribution of the 

data for each set with a linear regression resulting from the NN Model 1.2. The 
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regression R value for each data set is close to 1, which means that there is a strong 

relationship between the output of the NN and the target data points. 

 

Figure 23: Regression plot for Model 1.2. 
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Figure 24: Error histogram for Model 1.2. 

 

Figure 25: Validation performance of NN Model 1.2. 
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Figure 24 shows the error histogram of Model 1.2, and it shows an error histogram 

with 20 bins. The plot represents the errors between the target values and the 

predicted values after training a feedforward NN. From the figure, from the x-axis, 

it can be seen that most of the data fits under a bin corresponding to an error of -

0.00483, and the heigh of that bin for training data sets lies below 25 and the 

validation and test data sets lies between 20 to 27, meaning that several samples from 

the different data sets lie within those ranges. From the plot, the “zero error” is 

located under the bin with an error between targets and outputs of -0.00483. 

Figure 25 shows the validation performance plot of Model 1.2, representing the error 

vs. epoch for the training, validation, and test performances of the training of the NN. 

From the plot, the best performance is taken from the epoch that has the lowest 

validation error, in this case, epoch 3. 

 

3.3.2. Model 2: Training the NN with two inputs (dry bulb temperature 

and solar radiation) and one output (energy consumption) 

The purpose of this simulation is to study the energy consumption of the building as 

the ambient temperature and solar irradiation change through the year. For this 

simulation, two input variables and one output variable were selected. Dry bulb 

temperature (Tdb) and total horizontal irradiation (W/m2) are selected as the input 

variables and energy consumption (Ec) is selected as the output variable. Similar to 

Model 1, the data was divided into occupied data and unoccupied data. For this 

reason, 2 NN are created: one NN for the occupied (Model 2.1) data and one NN for 

the unoccupied data (Model 2.2). Three  hidden layers with 20 neurons each were 

used for this simulation. 
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 NN Model 2.1 using Occupied data 

Model 2.1. represent the NN that was created using the data set that contains only 

the samples for the occupied  days of the year. Appendix B table lists the input and 

output data used for this NN. The input features for this NN consists of the outside 

dry bulb temperature (°C) as well as solar radiation (W/m2) for the days of the year 

that the building is occupied (250 days: 1 feature of 250 samples). The output feature 

for this NN consists of the energy consumption of the building (kWh) given by the 

eQUEST model for the days of the year that the building is occupied (250 days: 1 

feature of 250 samples).  

Figure 26 shows the regression plot associated with the NN simulation. The 

regression plots for training, testing and validation sets show the distribution of the 

data for each set with a linear regression resulting from the NN Model 2.1. The 

regression R value for each data set is close to 1, which means that there is a strong 

relationship between the output of the NN and the target data points. 
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Figure 26: Regression Plot for NN Model 2.1. 
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Figure 27: Error Histogram for NN Model 2.1. 

 

Figure 28: Validation Performance Plot for NN Model 2.1. 
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Figure 27 shows the error histogram of Model 2.1, and it shows an error histogram 

with 20 bins. The plot represents the errors between the target values and the 

predicted values after training a feedforward NN. From the figure, from the x-axis, 

it can be seen that most of the data fits under a bin corresponding to an error of -

0.157, and the heigh of that bin for training data sets lies below 35 and the validation 

and test data sets lies between 30 and 40, meaning that several samples from the 

different data sets lie within those ranges. From the plot, the “zero error” is located 

under the bin with an error between targets and outputs of -0.157. 

Figure 28 shows the validation performance plot of Model 2.1, representing the error 

vs. epoch for the training, validation, and test performances of the training of the NN. 

From the plot, the best performance is taken from the epoch that has the lowest 

validation error, in this case, epoch 6. 

 NN Model 2.2 using Unoccupied data 

Model 2.2. represent the NN that was created using the data set that contains only 

the samples for the occupied days of the year. Appendix C table lists the input and 

output data used for this NN. The input features for this NN consists of the outside 

dry bulb temperature (°C) as well as solar radiation (W/m2) for the days of the year 

that the building is unoccupied (115 days: 1 feature of 115 samples). The output 

feature for this NN consists of the energy consumption of the building (kWh) given 

by the eQUEST model for the days of the year that the building is unoccupied (115 

days: 1 feature of 115 samples).  

Figure 29 shows the regression plot associated with the NN simulation. The 

regression plots for training, testing and validation sets show the distribution of the 

data for each set with a linear regression resulting from the NN Model 2.2. The 
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regression R value for each data set is close to 1, which means that there is a strong 

relationship between the output of the NN and the target data points. 

 

Figure 29: Regression Plot for NN Model 2.2. 
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Figure 30: Error Histogram for NN Model 2.2. 

 

Figure 31: Validation Performance for NN Model 2.2. 
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Figure 30 shows the error histogram of Model 2.2, and it shows an error histogram 

with 20 bins. The plot represents the errors between the target values and the 

predicted values after training a feedforward NN. From the figure, from the x-axis, 

it can be seen that most of the data fits under a bin corresponding to an error of 

0.002743, and the heigh of that bin for training data sets lies below 45 and the 

validation and test data sets lies between 45 and 50, meaning that several samples 

from the different data sets lie within those ranges. From the plot, the “zero error” is 

located under the bin with an error between targets and outputs of 0.002743. 

Figure 31 shows the validation performance plot of Model 2.2, representing the error 

vs. epoch for the training, validation, and test performances of the training of the NN. 

From the plot, the best performance is taken from the epoch that has the lowest 

validation error, in this case, epoch 3. 

 

3.4. Neural Network Model: Cross Check with Bill Data 

This section presents the results obtained when testing the NN presented in the 

previous section of this report. Both Models 1 and Models 2 are tested with new 

weather data to predict the energy consumption of the building. The data used to test 

Model 1 is presented in Appendix D and the data used to test Model 2 is presented 

in Appendix E. 

The methodology used for testing both NN Models 1 and 2 consists of obtaining new 

weather data for both occupied and unoccupied days of the same period of time to 

that of the billed data (from August 2020 to March 2021). For Model 1, Model 1.1 

was tested using weather data for occupied days to get the predicted energy 

consumption for those months, and Model 1.2 was tested using weather data for the 

unoccupied days to get the predicted energy consumption for those months. Then, 
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both outputs of Model 1.1 and Model 1.2 (energy consumption for occupied and 

unoccupied days, respectively) were added to obtain the total monthly EC. The same 

procedure was done to test Model 2. The results obtained are tabulated in the 

following sections. 

3.4.1. Model 1: Testing the trained NN with dry bulb temperature to 

predict energy consumption 

NN Model 1 is tested using weather data for the months of August 2020 through 

March 2021 to predict the energy consumption (EC) of the building using one input 

feature. Model 1.1 is tested using weather data only for occupied days within the 

mentioned time frame, and Model 1.2 is tested using weather data only for un-

occupied days within the mentioned time frame. The predictions of EC obtained from 

both Model 1.1 and Model 1.2, as well as the total EC are tabulated in Table 24. 

Table 24: Predicted EC from NN Model 1 

Months 
Predicted EC 

(kWh)_Occupied 

Predicted EC 

(kWh)_Unoccupied 

Predicted Total 

Monthly EC 

(kWh) 

Aug 22 - Sep 22 (2020) 2586.86 77.71 2664.57 

Sep 23 - Oct 21 (2020) 2425.54 61.77 2487.31 

Oct 22 - Nov 19 (2020) 2342.76 61.19 2403.95 

Nov 20 - Dec 19 (2020) 2159.53 67.41 2226.94 

Dec 20 - Jan 21 (2020-2021) 2411.53 65.54 2477.07 

Jan 22 - Feb 19 (2021) 2176.69 59.65 2236.34 

Feb 20 - March 22 (2021) 2220.44 74.24 2294.68 
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Table 25: Predicted and Actual Energy Consumption (EC) of the Alumni Building 

using NN Model 1 

Months 
Predicted Total 

Monthly EC 

Actual Total 

Monthly EC 
Error (%) 

Aug 22 - Sep 22 (2020) 2664.57 4002 33.42 

Sep 23 - Oct 21 (2020) 2487.31 3789 34.35 

Oct 22 - Nov 19 (2020) 2403.95 2195 9.52 

Nov 20 - Dec 19 (2020) 2226.94 1426 56.17 

Dec 20 - Jan 21 (2020-

2021) 
2477.07 1471 68.39 

Jan 22 - Feb 19 (2021) 2236.34 1896 17.95 

Feb 20 - March 22 

(2021) 
2294.68 1905 20.46 

 

Table 25 presents the results obtained when testing the NN Model 1. It can be seen 

that for some months, there is a large discrepancy between the predicted and actual 

EC of the building. The reasons for these large errors have been discussed in previous 

sections of this work (Chapter 3, Section 2.7.4. Energy Simulation: Analysis and 

Results). Nevertheless, it can be seen that for the time period of October through 

November, the building was operating in matching conditions to that of the eQUEST 

model, and for that reason, the error was less than 10%. Also, the time period from 

January through February, the building was operating to similar conditions to that of 

the eQUEST model (with only a few days of discrepancy), and the resulting error 

was less than 20%. Figure 32 shows a bar chart where the data for the actual and 

predicted EC of the building is compared. 
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Figure 32: Comparison of predicted and actual energy consumption of the Alumni 

Center building. Predicted output obtained using NN Model 1 

 

3.4.2. Model 2: Training the trained NN with dry bulb temperature and 

solar radiation to predict energy consumption 

Likewise, NN Model 2 is tested using weather data for the months of August 2020 

through March 2021 to predict the energy consumption (EC) of the building using 

two input features. Model 2.1 is tested using weather data only for occupied days 

within the mentioned time frame, and Model 2.2 is tested using weather data only 

for un-occupied days within the mentioned time frame. The predictions of EC 

obtained from both Model 2.1 and Model 2.2, as well as the total EC are tabulated in 

Table 26. 
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Table 26: Predicted EC from NN Model 2 

Months 
Predicted EC 

(kWh)_Occupied 

Predicted EC 

(kWh)_Unoccupied 

Predicted Total 

Monthly EC 

(kWh) 

Aug 22 - Sep 22 (2020) 2683.47 71.17 2754.64 

Sep 23 - Oct 21 (2020) 2414.45 60.49 2474.93 

Oct 22 - Nov 19 (2020) 2353.07 59.9 2412.97 

Nov 20 - Dec 19 (2020) 2162.15 64.9 2227.05 

Dec 20 - Jan 21 (2020-

2021) 

2411.88 66.639 2478.52 

Jan 22 - Feb 19 (2021) 2206.27 57.37 2263.65 

Feb 20 - March 22 (2021) 2209.59 73.36 2282.95 

 

Table 27: Predicted and Actual Energy Consumption (EC) of the Alumni Building 

using NN Model 2 

Months of the Year 
Predicted Total 

Monthly EC 

Actual Total 

Monthly EC 
Error (%) 

Aug 22 - Sep 22 (2020) 2754.64 4002 31.17 

Sep 23 - Oct 21 (2020) 2474.93 3789 34.68 

Oct 22 - Nov 19 (2020) 2412.97 2195 9.93 

Nov 20 - Dec 19 2227.05 1426 56.17 

Dec 20 - Jan 21 (2020-

2021) 
2478.52 1471 68.49 

Jan 22 - Feb 19 (2021) 2263.65 1896 19.39 

Feb 20 - March 22 

(2021) 
2282.95 1905 19.84 

 

Table 27 presents the results obtained when testing the NN Model 2. It can be seen 

that for some months, there is a large discrepancy between the predicted and actual 

EC of the building. The reasons for these large errors have been discussed in previous 

sections of this work (Chapter 3, Section 2.7.4. Energy Simulation: Analysis and 

Results). Similar to the discussion for Model 1, from Table 27 it can be seen that for 

the time period of October through November, the building was operating in 
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matching conditions to that of the eQUEST model, and for that reason, the error was 

less than 10%. Also, the time period from January through February, the building 

was operating to similar conditions to that of the eQUEST model (with only a few 

days of discrepancy), and the resulting error was less than 20%. Likewise, Figure 33 

shows a bar chart where the data for the actual and predicted EC of the building is 

compared. 

 

Figure 33: Comparison of predicted and actual energy consumption of the Alumni 

Center building. Predicted output obtained using NN Model 2 
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3.5. Discussions 

The previous section presents the results obtained for the EC for both Models 1 and 

2, and it was observed that even though there were large discrepancies when 

comparing the results, the NN proved to predict the EC of the building with an error 

of less than 10%.  

Table 28: Summary of results for the NN Models 1 and 2 EC versus the Actual 

(billed) EC of the Building 

Months 

Model 1: 

Predicted Total 

Monthly EC 

(kWh) 

Model 2: 

Predicted Total 

Monthly EC 

(kWh) 

Actual Total 

Monthly EC 

(kWh) 

Error 

(%) of 

Model 1 

Error 

(%) of 

Model 2 

Aug 22 - Sep 22 

(2020) 
2664.6 2754.6 4002.0 33.4 31.2 

Sep 23 - Oct 21 

(2020) 
2487.3 2474.9 3789.0 34.4 34.7 

Oct 22 - Nov 19 

(2020) 
2403.9 2413.0 2195.0 9.5 9.9 

Nov 20 - Dec 19 

(2020) 
2226.9 2227.1 1426.0 56.2 56.2 

Dec 20 - Jan 21 

(2020-2021) 
2477.1 2478.5 1471.0 68.4 68.5 

Jan 22 - Feb 19 

(2021) 
2236.3 2263.6 1896.0 18.0 19.4 

Feb 20 - March 

22 (2021) 
2294.7 2283.0 1905.0 20.5 19.8 

 

The results obtained from this work for the NN Models are summarized in Table 28. 

Recalling the scatter plots that were presented in this work in Section 3.2.1, it was 

expected that the NN with input of only dry bulb temperature (Model 1) to have more 

accurate results. The reason for this was because the scatter plot of dry bulb 

temperature versus EC (Figure 16) presented a positive correlation whereas the 

scatter plot of solar radiation versus EC (Figure 18) presented a “weak” positive 

correlation, so it was expected that solar radiation to have a small impact on the 
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model. However, it can be seen that the results obtained for the prediction of EC for 

both Model 1 and Model 2 are very similar, with small differences. The reason for 

this similarity is because for a problem like this one, the impact of solar radiation on 

the EC of the building is very small; whereas the impact of dry bulb temperature in 

the EC consumption of the building is considerable. 

When comparing the predicted EC values obtained from the NN to the actual EC of 

the building obtained from the billed data, a satisfactory error of less than 10% is 

obtained. This error is satisfactory for a problem like this one since it is hard for a 

NN model to perfectly predict the energy consumption of a building only based on 

weather data and only having one year of data to train the NN. One the other hand, 

if more input features were available, for example an additional input of humidity 

ratio (Figure 17), the NN could have learned better the relationship between input 

and output and the NN could have a better performance.  

Table 29: Summary of Results for the eQUEST Model and NN Models EC versus the 

Actual (billed) EC of the Building 

Months 

Model 1: 

Predicted 

Total 

Monthly EC 

(kWh) 

Model 2: 

Predicted 

Total 

Monthly 

EC (kWh) 

eQUEST 

Total 

Monthly 

EC 

(kWh) 

Actual 

Total 

Monthly 

EC 

(kWh) 

Error 

(%) of 

NN 

Model 1 

Error 

(%) of 

NN 

Model 2 

Error 

(%) of 

eQUEST 

Model 

Aug 22 - Sep 22 (2020) 2664.6 2754.6 2609.1 4002.0 33.4 31.2 34.8 

Sep 23 - Oct 21 (2020) 2487.3 2474.9 2300.7 3789.0 34.4 34.7 39.3 

Oct 22 - Nov 19 (2020) 2403.9 2413.0 2127.4 2195.0 9.5 9.9 3.1 

Nov 20 - Dec 19 (2020) 2226.9 2227.1 2013.4 1426.0 56.2 56.2 41.2 

Dec 20 - Jan 21 (2020-

2021) 
2477.1 2478.5 2219.6 1471.0 68.4 68.5 50.9 

Jan 22 - Feb 19 (2021) 2236.3 2263.6 2096.8 1896.0 18.0 19.4 10.6 

Feb 20 - March 22 

(2021) 
2294.7 2283.0 2244.0 1905.0 20.5 19.8 17.8 
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 In addition to this, from the results presented in Table 29, it is observed that the 

eQUEST model built for this specific building, had a 3.1% error between the 

simulated EC and the actual EC obtained from billed data. As expected, the eQUEST 

model proved to have more accurate results for this particular problem, and the 

reason for this accuracy is because to build the eQUEST model, multiple parameters 

had to be entered into the model; such as the specifications of the building envelope, 

the specifications of the HVAC systems, the airflow requirements for each zone, the 

number of occupants per zone, the schedule of operation for the systems as well as 

the building, the specifications of the lighting systems, and more. On the other hand, 

the NN model only has as input weather data for one year to predict the EC of the 

building; so it is expected that for this type of problem, for the NN to present larger 

error than the energy simulation model in eQUEST. 

Furthermore, the period of time of the actual billed data for EC that was available for 

this work, consisted mostly of months on which the building was not operating at its 

expected capability. The first months of billed data (from August 21st to Oct 21st) the 

building was still under construction, so the EC was significantly higher during those 

months. The months from November 19th to December 19th  and from December 19th 

to January 21st, the building was also not operating at its expected capabilities, 

because of the COVID-19 situation. From February 20th to March 22nd the solar 

panels of the building started working, so the billed data does not accurately represent 

the energy consumed by the building. Lastly, the months from October 21st to 

November 19th and January 21st to February 19th is when the building was fully 

completed and operating expected. 

Therefore, the only 2 months to which the results obtained from both the eQUEST 

model and the NN models can be compared to the actual billed data for the electricity 

consumption of the building, are the time periods from October 21st to November 
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19th and from January 21st to February 19th. These months are the only time where 

the building functioned in normal operating conditions. The billed data for October 

21st to November 19th was given as 2,195 kWh, and the electricity consumption of 

the eQUEST model for the same months is 2,127 kWh, showing an error of 3%; and 

the electricity consumption of the NN Model 1 and 2 for the same months is ~2,400 

kWh, showing an error of less than 10%. Consequently, when comparing the 

electricity consumption of the actual building versus the eQUEST model and the NN 

Models, the results are satisfactory. 
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Chapter 4  
Conclusions 

 

The purpose of this work is to use an energy simulation tool, eQUEST, and Artificial 

Neural Networks to predict the energy consumption of a small office building located 

in a hot and humid subtropical climate zone. This was achieved following a series of 

steps. Since the construction of the building was not finished when this work started, 

and there was no data of energy consumption of the building to build a Neural 

Network (NN), the first step of this work was to create an energy model of the 

building, where all the energy efficiency measures as well as all the building features 

were implemented into the model. Then, the model was simulated, and yearly data 

was obtained for both weather data of the building’s location and the energy 

consumption. Using the yearly data obtained from the simulated model, it was then 

possible to build and train a NN using MATLAB Deep Learning Tool. After 

preprocessing the data obtained from the energy model, the NN was created and it 

proved to have excellent results, as mentioned in Chapter 3 of this work. Finally, the 

trained NN was then tested using new weather data to predict the energy consumption 

of the building. The output (predicted energy consumption)  was compared to the 

actual energy consumption of the building using the billed data, since by this time 

the building had been operational for several months already.  

Through the complete energy renovation of the Alumni Center building, a reduction 

in the energy consumption of the building per square foot was achieved. Energy 

renovations of buildings is a practice that sets an example to the community to move 

towards a sustainable future, with better use of energy and better indoor 

environmental quality for occupants in a building.  Renovating the Alumni Center to 
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achieve better energy usage is a small contribution to reduce greenhouse gas 

emissions to the environment.  

Moreover, this works aims to use both an energy model and an artificial neural 

network (ANN) to predict the energy consumption of a building. From the results 

presented, when comparing the electricity consumption of the actual building versus 

the eQUEST model and the NN Models, the results are satisfactory. When comparing 

the actual energy consumption of the building to the results obtained from the 

eQUEST an error of 3% was obtained, and an error of less than 10% was obtained 

for the NN Models.  

Future work includes enhancing the NN Models for predicting the energy 

consumption of the building. Using not only weather data but also including number 

of occupants as one of the inputs to the NN will provide more accuracy to the 

predicted outputs of EC of the NN. Also, since the building studied was just recently 

renovated, very little data was at hand both for building the NN and for comparing 

the results of the NN. When more energy data becomes available, more testing will 

be possible. In addition to this, since the building has solar panels that to offset the 

energy needs of the building, another study can be performed using ANN to predict 

both the energy consumption and the energy production of the building.  
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Appendix 
 

Appendix 1 – eQUEST energy model simulation outputs 

The following Appendix A table presents the results obtained from the energy 

simulation performed in eQUEST. It can be seen that the simulation output consists 

of weather data as well as the energy consumption of the building for an entire year. 

Appendix A: eQUEST model simulation outputs 

Days of 

the Year 

Dry Bulb 

Temperature 

(Celsius) 

Global 

Horizontal 

Irradiation 

(W/m^2) 

Humidity Ratio 

(kgw/kga) 

Energy 

Consumption 

(kWh) 

1 18.72685185 3962.16504 0.0093875 6.230885 

2 23.24074074 3195.59967 0.0142375 6.206715 

3 19.58333333 2880.14067 0.011466667 6.218505 

4 10.46296296 3501.5949 0.0043875 94.587917 

5 5.925925926 3517.36785 0.002645833 99.794121 

6 8.657407407 3791.81718 0.005083333 100.535368 

7 15.23148148 3908.53701 0.0072125 99.324766 

8 19.4212963 1747.64286 0.011075 100.015705 

9 20.06944444 3548.91375 0.0110375 6.253842 

10 14.18981481 1391.17419 0.007170833 7.048632 

11 12.38425926 3933.77373 0.006358333 98.168301 

12 15.48611111 3930.61914 0.007941667 99.512994 

13 20.18518519 3769.73505 0.010079167 100.862879 

14 20.76388889 3930.61914 0.011666667 104.190633 

15 20.18518519 2119.88448 0.012616667 106.073472 

16 20.625 4113.58536 0.0116625 6.171301 

17 21.875 3810.74472 0.013325 6.164564 

18 22.52314815 2902.2228 0.012845833 6.169654 

19 19.72222222 3962.16504 0.011808333 106.125573 

20 20.37037037 3744.49833 0.012291667 108.022181 

21 20.92592593 4082.03946 0.0126375 108.285871 

22 23.37962963 4394.34387 0.0137375 110.444311 

23 24.83796296 3671.94276 0.015520833 6.080874 

24 19.88425926 3687.71571 0.011191667 6.117356 

25 17.10648148 4337.56125 0.0096625 102.534892 

26 18.47222222 4318.63371 0.010270833 104.380813 

27 20.27777778 4138.82208 0.011491667 108.1789 

28 20.46296296 4116.73995 0.0113125 106.945028 

29 21.11111111 3870.68193 0.011695833 107.268485 

30 22.61574074 3350.17458 0.01245 6.125323 
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31 20.11574074 1962.15498 0.012616667 6.170448 

32 12.61574074 2883.29526 0.006570833 94.726902 

33 13.40277778 2044.17432 0.006570833 94.045067 

34 15.09259259 1917.99072 0.007816667 95.459575 

35 15.50925926 4637.2473 0.00575 97.488919 

36 10.78703704 4545.76419 0.004941667 95.684282 

37 11.45833333 4731.885 0.0056375 7.676117 

38 14.62962963 4504.75452 0.007083333 7.369265 

39 13.51851852 1173.50748 0.007375 97.580811 

40 14.4212963 4738.19418 0.006516667 97.84795 

41 13.0787037 4785.51303 0.005666667 98.092785 

42 15.625 5075.73531 0.006566667 99.783341 

43 18.24074074 4353.3342 0.008320833 100.410173 

44 19.16666667 3653.01522 0.011129167 6.212802 

45 22.5 1640.3868 0.013129167 6.232873 

46 18.63425926 5129.36334 0.0100875 6.227147 

47 18.84259259 4876.99614 0.01045 104.190202 

48 18.95833333 5075.73531 0.010558333 104.173354 

49 22.17592593 4299.70617 0.012804167 108.958426 

50 22.33796296 4252.38732 0.0126875 110.401981 

51 18.37962963 2924.30493 0.0107 6.156392 

52 16.01851852 5208.22809 0.0072 6.359331 

53 19.23611111 5220.84645 0.008845833 102.398374 

54 20.20833333 3223.99098 0.010045833 103.3551 

55 20.76388889 5201.91891 0.010816667 104.932143 

56 20.94907407 5454.28611 0.010433333 104.907434 

57 20.90277778 5362.803 0.010316667 105.337789 

58 20.48611111 5394.3489 0.011008333 6.117834 

59 19.375 4892.76909 0.011070833 6.131932 

60 21.31944444 4854.91401 0.013083333 109.125486 

61 16.57407407 1678.24188 0.010083333 101.122236 

62 17.77777778 5362.803 0.010541667 104.049579 

63 18.84259259 5220.84645 0.0111375 105.603833 

64 21.18055556 2776.0392 0.011720833 108.006108 

65 22.24537037 3290.23737 0.012620833 6.188348 

66 23.14814815 4394.34387 0.013945833 6.193731 

67 21.45833333 4258.6965 0.013983333 106.565543 

68 14.90740741 5388.03972 0.008 95.705954 

69 16.11111111 3353.32917 0.007729167 98.289518 

70 18.28703704 4501.59993 0.00865 99.354826 

71 20.43981481 5545.76922 0.009625 101.901491 

72 20.97222222 5356.49382 0.011070833 6.195003 

73 21.62037037 5116.74498 0.010941667 6.191503 

74 21.04166667 2435.34348 0.010841667 103.860415 

75 20.99537037 3517.36785 0.012829167 107.896854 

76 19.74537037 2744.4933 0.0134125 105.526686 

77 18.28703704 4044.18438 0.011579167 102.614009 

78 18.86574074 5372.26677 0.011045833 103.054012 
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79 19.3287037 5873.84658 0.0104875 6.189396 

80 20.97222222 6548.92884 0.008804167 6.179223 

81 22.38425926 6261.86115 0.01105 108.455237 

82 23.54166667 6306.02541 0.0127 111.500155 

83 23.86574074 5063.11695 0.0139375 113.022088 

84 21.59722222 3719.26161 0.011458333 106.704544 

85 21.78240741 6034.73067 0.009145833 103.616628 

86 21.94444444 6268.17033 0.011175 6.098348 

87 23.21759259 3712.95243 0.014229167 6.124239 

88 22.31481481 5659.33446 0.012404167 106.493663 

89 22.89351852 5974.79346 0.01465 113.310624 

90 21.8287037 3618.31473 0.0139 110.509267 

91 19.44444444 1785.49794 0.0129875 105.146088 

92 18.42592593 6160.91427 0.008145833 101.148771 

93 19.12037037 5201.91891 0.008341667 6.179127 

94 22.22222222 4908.54204 0.01095 6.188301 

95 22.63888889 2378.56086 0.013191667 109.836661 

96 22.52314815 2123.03907 0.014725 111.636605 

97 21.04166667 4179.83175 0.013083333 107.176378 

98 21.52777778 3220.83639 0.0140625 108.231281 

99 22.59259259 6530.0013 0.0141125 110.977526 

100 23.26388889 6659.33949 0.014525 6.116942 

101 24.49074074 4397.49846 0.015270833 6.120459 

102 24.44444444 6094.66788 0.013129167 109.690875 

103 24.44444444 6271.32492 0.013770833 113.508369 

104 21.13425926 7041.04488 0.010641667 105.255874 

105 22.31481481 7397.51355 0.010383333 105.804016 

106 22.38425926 4526.83665 0.01215 110.029222 

107 23.91203704 6091.51329 0.012866667 6.088106 

108 25.16203704 7183.00143 0.014270833 6.073371 

109 25.23148148 7315.49421 0.014783333 114.103594 

110 25.06944444 6504.76458 0.015054167 114.199672 

111 25.18518519 6214.5423 0.015433333 115.055771 

112 25.30092593 6952.71636 0.016083333 115.828408 

113 26.18055556 6741.35883 0.0148625 114.88507 

114 25.92592593 3548.91375 0.016029167 6.029235 

115 20.99537037 2290.23234 0.01235 6.107585 

116 23.31018519 4586.77386 0.0138625 109.713552 

117 24.9537037 3835.98144 0.016316667 114.932369 

118 22.66203704 2100.95694 0.015566667 111.291242 

119 23.7962963 7183.00143 0.014591667 112.906299 

120 24.72222222 7255.557 0.015104167 114.058812 

121 24.9537037 6000.03018 0.015991667 6.055132 

122 25.06944444 6779.21391 0.0161875 6.063246 

123 23.24074074 3028.4064 0.015629167 110.888134 

124 21.71296296 6504.76458 0.010783333 105.47779 

125 20.32407407 7555.24305 0.010120833 104.361715 

126 21.78240741 7646.72616 0.011675 107.656832 
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127 23.03240741 7536.31551 0.011241667 108.29643 

128 22.84722222 7621.48944 0.010441667 6.059917 

129 24.30555556 7542.62469 0.010875 6.065946 

130 24.28240741 6530.0013 0.013220833 109.757712 

131 25.09259259 7536.31551 0.014645833 111.95235 

132 25.23148148 6078.89493 0.014591667 111.65166 

133 25.18518519 7555.24305 0.013845833 111.634453 

134 24.44444444 6627.79359 0.013275 110.562469 

135 24.58333333 7151.45553 0.0149125 6.037416 

136 24.81481481 7050.50865 0.014775 6.053993 

137 25.16203704 7479.53289 0.014525 113.05974 

138 25.23148148 7369.12224 0.0133375 111.81489 

139 25.13888889 7470.06912 0.013658333 111.738092 

140 25.18518519 7665.6537 0.013470833 111.596844 

141 25.0462963 7533.16092 0.013845833 112.115218 

142 24.3287037 7681.42665 0.013258333 6.009382 

143 24.53703704 7419.59568 0.0133875 6.037472 

144 25.27777778 7403.82273 0.0136 111.208417 

145 23.98148148 7747.67304 0.013145833 111.542865 

146 25.39351852 7552.08846 0.013004167 113.864855 

147 26.27314815 7665.6537 0.014891667 114.368481 

148 26.18055556 7779.21894 0.015108333 114.941072 

149 25.60185185 7362.81306 0.014070833 5.979711 

150 26.99074074 7839.15615 0.014120833 5.985645 

151 29.00462963 7113.60045 0.015970833 5.973633 

152 26.15740741 7186.15602 0.016870833 115.070549 

153 26.99074074 7369.12224 0.017391667 117.398405 

154 28.125 7388.04978 0.0164875 117.368794 

155 27.15277778 5962.1751 0.017816667 117.133535 

156 27.84722222 6000.03018 0.017483333 5.956884 

157 26.78240741 7022.11734 0.016329167 5.978347 

158 24.97685185 2823.35805 0.0169875 114.009649 

159 25 4072.57569 0.0161375 112.909954 

160 26.59722222 7151.45553 0.0149375 113.620206 

161 26.99074074 6545.77425 0.016941667 115.315966 

162 26.85185185 6328.10754 0.017333333 115.313122 

163 26.38888889 5700.34413 0.017754167 5.979277 

164 26.04166667 5343.87546 0.01785 6.006347 

165 26.45833333 5372.26677 0.017741667 117.243485 

166 25.92592593 5151.44547 0.01795 115.700039 

167 25.37037037 5936.93838 0.017079167 115.754431 

168 23.24074074 3533.1408 0.0164 112.134411 

169 24.4212963 3653.01522 0.0167375 115.159817 

170 25.16203704 4429.04436 0.0166125 6.070257 

171 24.23611111 3198.75426 0.016279167 6.105864 

172 23.40277778 3394.33884 0.016491667 111.7641 

173 24.44444444 2826.51264 0.017175 112.887561 

174 24.30555556 3987.40176 0.017516667 113.976725 
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175 24.4212963 3239.76393 0.017645833 113.96095 

176 23.7962963 2725.56576 0.017345833 112.227813 

177 24.39814815 3479.51277 0.017233333 6.099812 

178 25.06944444 4624.62894 0.017675 6.10216 

179 25.92592593 4634.09271 0.017929167 116.336209 

180 26.22685185 6239.77902 0.018120833 116.760012 

181 24.83796296 3542.60457 0.017429167 114.401757 

182 24.74537037 3880.1457 0.0176875 113.796175 

183 26.57407407 7148.30094 0.016595833 114.838609 

184 26.99074074 7031.58111 0.017091667 6.012681 

185 26.48148148 5794.98183 0.017620833 6.021811 

186 27.31481481 6918.01587 0.017154167 6.01058 

187 27.87037037 6492.14622 0.0171125 117.689885 

188 27.5462963 6145.14132 0.017654167 118.915517 

189 25.64814815 4924.31499 0.018420833 116.253632 

190 25.74074074 5334.41169 0.0179 115.074157 

191 27.12962963 7268.17536 0.017183333 5.975916 

192 27.29166667 6996.88062 0.016904167 5.977165 

193 28.98148148 6056.8128 0.017920833 119.127373 

194 28.37962963 6665.64867 0.017345833 117.562745 

195 27.40740741 5138.82711 0.0184125 118.033462 

196 26.25 4353.3342 0.01755 116.21855 

197 28.33333333 6779.21391 0.017408333 119.498409 

198 29.375 6463.75491 0.018158333 5.954489 

199 27.89351852 6463.75491 0.019125 5.961164 

200 27.29166667 6608.86605 0.018516667 118.706282 

201 28.65740741 6826.53276 0.018879167 120.95922 

202 25.90277778 4706.64828 0.018029167 118.402242 

203 25.20833333 4709.80287 0.018008333 115.097984 

204 24.93055556 3867.52734 0.01705 114.47646 

205 24.25925926 3996.86553 0.0169 6.019886 

206 24.67592593 5514.22332 0.016833333 6.043294 

207 25.34722222 5003.17974 0.0177 117.023613 

208 26.15740741 6097.82247 0.017820833 116.719929 

209 27.19907407 7129.3734 0.017825 116.529024 

210 26.99074074 6343.88049 0.0178375 116.039739 

211 23.91203704 1854.89892 0.0167 111.578648 

212 27.26851852 7189.31061 0.0180625 6.014422 

213 27.06018519 4741.34877 0.018616667 6.015067 

214 25.23148148 3075.72525 0.018354167 115.560463 

215 25.18518519 5488.9866 0.0174625 114.127261 

216 27.01388889 6801.29604 0.0184375 118.794734 

217 27.43055556 7195.61979 0.017820833 117.803517 

218 28.61111111 6612.02064 0.0183625 118.197131 

219 27.06018519 4072.57569 0.018675 5.957903 

220 26.52777778 5725.58085 0.016708333 5.981807 

221 26.62037037 6208.23312 0.016483333 114.26483 

222 27.82407407 6457.44573 0.016170833 114.280696 
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223 25.0462963 1671.9327 0.017866667 111.671722 

224 26.18055556 5744.50839 0.018579167 115.85138 

225 25.85648148 3567.84129 0.018783333 117.016904 

226 26.75925926 6794.98686 0.019758333 6.00715 

227 28.40277778 6895.93374 0.019495833 5.997594 

228 28.81944444 6637.25736 0.020275 119.331298 

229 27.93981481 6776.05932 0.019791667 119.80007 

230 27.63888889 6425.89983 0.018891667 118.41278 

231 27.22222222 6845.4603 0.0176375 116.493574 

232 26.66666667 5589.93348 0.017633333 116.330678 

233 26.08796296 6441.67278 0.0175375 5.946085 

234 26.9212963 4861.22319 0.0183 5.974209 

235 27.56944444 5561.54217 0.017908333 116.770367 

236 26.9212963 5656.17987 0.016808333 115.850743 

237 27.10648148 6457.44573 0.016808333 116.157935 

238 26.64351852 4681.41156 0.01795 115.385328 

239 26.89814815 5353.33923 0.018079167 116.19292 

240 25.78703704 5343.87546 0.0180375 5.970954 

241 26.11111111 5138.82711 0.0182875 5.995692 

242 27.36111111 6195.61476 0.018775 117.857281 

243 27.38425926 5889.61953 0.0196 117.688298 

244 26.55092593 3514.21326 0.019091667 115.319146 

245 26.8287037 4738.19418 0.018804167 117.098171 

246 27.80092593 6050.50362 0.018975 118.261765 

247 28.10185185 5003.17974 0.018070833 5.948532 

248 27.89351852 5170.37301 0.017275 5.973851 

249 27.59259259 6006.33936 0.0178625 5.970176 

250 27.47685185 6126.21378 0.018129167 117.150024 

251 27.17592593 3940.08291 0.0173625 115.651786 

252 25.53240741 3217.6818 0.017758333 114.102126 

253 24.93055556 4205.06847 0.0178125 113.476885 

254 25.78703704 4000.02012 0.017258333 6.002447 

255 26.01851852 5621.47938 0.016854167 6.021107 

256 26.80555556 5753.97216 0.016370833 115.450029 

257 26.96759259 4416.426 0.016470833 114.789981 

258 27.31481481 5315.48415 0.017491667 115.314118 

259 27.12962963 5492.14119 0.017958333 116.612474 

260 28.35648148 4908.54204 0.018008333 118.158061 

261 26.94444444 4157.74962 0.018416667 5.956346 

262 26.27314815 5009.48892 0.016479167 5.986857 

263 26.48148148 4892.76909 0.015070833 111.545145 

264 26.73611111 3463.73982 0.016979167 116.655473 

265 25 4574.1555 0.016829167 113.833403 

266 24.93055556 4782.35844 0.013779167 109.701187 

267 25.50925926 5858.07363 0.011795833 108.755982 

268 26.68981481 5053.65318 0.013291667 5.989448 

269 27.52314815 5309.17497 0.014979167 5.997082 

270 27.68518519 4526.83665 0.015591667 113.964387 
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271 26.89814815 5094.66285 0.016195833 115.240996 

272 26.01851852 4776.04926 0.01745 113.51797 

273 27.03703704 4116.73995 0.017904167 116.356382 

274 20.87962963 5753.97216 0.011083333 104.841798 

275 21.68981481 4924.31499 0.011379167 6.037766 

276 23.49537037 5798.13642 0.01265 6.047581 

277 25.53240741 5492.14119 0.014054167 110.571189 

278 25.34722222 5507.91414 0.017175 114.399147 

279 26.94444444 5334.41169 0.0181875 117.388288 

280 25.50925926 4347.02502 0.017629167 114.105523 

281 26.34259259 3451.12146 0.016125 113.858694 

282 25.37037037 3905.38242 0.013016667 6.019395 

283 25.60185185 4160.90421 0.013683333 6.043592 

284 25.30092593 4861.22319 0.013058333 6.045583 

285 24.88425926 5337.56628 0.013883333 109.144745 

286 25.5787037 5258.70153 0.015983333 111.883434 

287 26.43518519 3763.42587 0.0174125 114.249721 

288 25.23148148 3747.65292 0.017058333 112.690493 

289 24.4212963 3003.16968 0.016579167 6.025539 

290 21.85185185 4047.33897 0.011979167 6.078559 

291 23.63425926 3466.89441 0.013341667 106.781052 

292 24.53703704 2820.20346 0.017383333 112.633484 

293 25.46296296 3372.25671 0.017983333 114.49911 

294 24.49074074 1485.81189 0.017866667 111.798447 

295 23.65740741 2492.1261 0.017458333 110.509814 

296 24.74537037 3094.65279 0.017616667 6.097045 

297 25.0462963 3457.43064 0.018058333 6.094148 

298 24.4212963 2750.80248 0.017708333 115.037917 

299 20.92592593 3123.0441 0.010991667 101.687562 

300 15.16203704 4085.19405 0.005008333 94.365768 

301 17.15277778 2268.15021 0.007245833 96.68634 

302 21.89814815 2627.77347 0.009854167 101.54095 

303 23.47222222 3924.30996 0.011075 6.162151 

304 23.26388889 3394.33884 0.013429167 6.164981 

305 25.69444444 4331.25207 0.016975 113.375874 

306 25.34722222 4671.94779 0.016220833 113.427729 

307 25.6712963 4324.94289 0.015433333 113.754809 

308 22.40740741 2889.60444 0.0135875 108.48406 

309 21.68981481 2731.87494 0.011420833 105.530002 

310 23.19444444 1665.62352 0.013545833 6.142325 

311 26.43518519 3858.06357 0.014279167 6.126645 

312 21.31944444 2564.68167 0.011433333 105.680364 

313 16.875 2785.50297 0.007404167 98.606193 

314 20.625 3993.71094 0.011520833 106.132656 

315 24.60648148 4507.90911 0.013175 6.130416 

316 15.64814815 4265.00568 0.007829167 96.009459 

317 18.56481481 4466.89944 0.009504167 6.175104 

318 16.41203704 4290.2424 0.007554167 6.194937 



 

 

95 

 

319 11.94444444 4277.62404 0.004570833 94.939189 

320 13.68055556 3971.62881 0.005695833 96.058972 

321 17.5 3280.7736 0.007991667 97.433651 

322 20.55555556 4283.93322 0.0095 101.404785 

323 18.95833333 1735.0245 0.01 101.468705 

324 19.83796296 4050.49356 0.011129167 6.195564 

325 18.93518519 4069.4211 0.010091667 6.183558 

326 14.05092593 3817.0539 0.005929167 95.13222 

327 16.59722222 3794.97177 0.008075 100.356098 

328 19.3287037 4063.11192 0.01015 102.307227 

329 15.92592593 3533.1408 0.008679167 6.202103 

330 15.32407407 3343.8654 0.0087 98.760562 

331 19.72222222 3955.85586 0.010925 6.223352 

332 22.22222222 3914.84619 0.012358333 6.199535 

333 23.42592593 3921.15537 0.015583333 111.868864 

334 18.05555556 2113.5753 0.0096125 99.822557 

335 11.66666667 3908.53701 0.006020833 94.945002 

336 12.5 3725.57079 0.006533333 96.92693 

337 17.06018519 3085.18902 0.009183333 99.484396 

338 19.56018519 2217.67677 0.011495833 6.243739 

339 20.16203704 2280.76857 0.012329167 6.260269 

340 21.11111111 3337.55622 0.0123375 106.966769 

341 18.1712963 3665.63358 0.010704167 101.400183 

342 20.64814815 3466.89441 0.0120375 105.272863 

343 20.74074074 3536.29539 0.0119375 106.309216 

344 20.30092593 3353.32917 0.011975 107.36457 

345 18.81944444 1902.21777 0.012079167 6.179525 

346 21.04166667 2671.93773 0.012970833 6.199108 

347 23.61111111 3135.66246 0.014579167 112.255311 

348 20.48611111 2063.10186 0.012683333 105.012924 

349 18.56481481 1517.35779 0.01005 100.525256 

350 17.87037037 1460.57517 0.009616667 98.575052 

351 20.18518519 1028.39634 0.012079167 101.61699 

352 18.26388889 943.22241 0.012420833 6.281326 

353 19.79166667 3419.57556 0.012295833 6.285557 

354 17.82407407 2665.62855 0.010341667 99.728398 

355 23.10185185 2776.0392 0.014879167 110.159043 

356 22.08333333 3271.30983 0.014433333 108.864237 

357 18.7037037 1432.18386 0.011483333 102.865869 

358 13.54166667 3735.03456 0.006170833 6.986064 

359 10.11574074 3716.10702 0.0053875 8.404366 

360 10.11574074 3769.73505 0.005095833 8.306786 

361 13.05555556 3779.19882 0.0063625 98.393046 

362 14.16666667 2558.37249 0.00695 96.502996 

363 11.73611111 3854.90898 0.0055875 97.771627 

364 12.87037037 3738.18915 0.007029167 98.61889 

365 15.81018519 3858.06357 0.008241667 7.025938 
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Appendix 2 – NN Model 1.1. (Inputs and Output) 

The following Appendix B table lists the input and output data used to build the NN 

Model 1.1. (using data for the days of the year that the building was occupied). The 

data begins on January 1st. 

Appendix B: Input and Output data used to build the NN Model 1.1. 

Inputs - Occupied Days Output - Occupied Days 

Dry Bulb 

Temperature 

(°C) 

Solar Radiation (W/m^2) Energy Consumption (kWh) 

10.46296296 3501.5949 94.587917 

5.925925926 3517.36785 99.794121 

8.657407407 3791.81718 100.535368 

15.23148148 3908.53701 99.324766 

19.4212963 1747.64286 100.015705 

12.38425926 3933.77373 98.168301 

15.48611111 3930.61914 99.512994 

20.18518519 3769.73505 100.862879 

20.76388889 3930.61914 104.190633 

20.18518519 2119.88448 106.073472 

19.72222222 3962.16504 106.125573 

20.37037037 3744.49833 108.022181 

20.92592593 4082.03946 108.285871 

23.37962963 4394.34387 110.444311 

17.10648148 4337.56125 102.534892 

18.47222222 4318.63371 104.380813 

20.27777778 4138.82208 108.1789 

20.46296296 4116.73995 106.945028 

21.11111111 3870.68193 107.268485 

12.61574074 2883.29526 94.726902 

13.40277778 2044.17432 94.045067 

15.09259259 1917.99072 95.459575 

15.50925926 4637.2473 97.488919 

10.78703704 4545.76419 95.684282 

13.51851852 1173.50748 97.580811 

14.4212963 4738.19418 97.84795 

13.0787037 4785.51303 98.092785 

15.625 5075.73531 99.783341 

18.24074074 4353.3342 100.410173 

18.84259259 4876.99614 104.190202 

18.95833333 5075.73531 104.173354 

22.17592593 4299.70617 108.958426 
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22.33796296 4252.38732 110.401981 

19.23611111 5220.84645 102.398374 

20.20833333 3223.99098 103.3551 

20.76388889 5201.91891 104.932143 

20.94907407 5454.28611 104.907434 

20.90277778 5362.803 105.337789 

21.31944444 4854.91401 109.125486 

16.57407407 1678.24188 101.122236 

17.77777778 5362.803 104.049579 

18.84259259 5220.84645 105.603833 

21.18055556 2776.0392 108.006108 

21.45833333 4258.6965 106.565543 

14.90740741 5388.03972 95.705954 

16.11111111 3353.32917 98.289518 

18.28703704 4501.59993 99.354826 

20.43981481 5545.76922 101.901491 

21.04166667 2435.34348 103.860415 

20.99537037 3517.36785 107.896854 

19.74537037 2744.4933 105.526686 

18.28703704 4044.18438 102.614009 

18.86574074 5372.26677 103.054012 

22.38425926 6261.86115 108.455237 

23.54166667 6306.02541 111.500155 

23.86574074 5063.11695 113.022088 

21.59722222 3719.26161 106.704544 

21.78240741 6034.73067 103.616628 

22.31481481 5659.33446 106.493663 

22.89351852 5974.79346 113.310624 

21.8287037 3618.31473 110.509267 

19.44444444 1785.49794 105.146088 

18.42592593 6160.91427 101.148771 

22.63888889 2378.56086 109.836661 

22.52314815 2123.03907 111.636605 

21.04166667 4179.83175 107.176378 

21.52777778 3220.83639 108.231281 

22.59259259 6530.0013 110.977526 

24.44444444 6094.66788 109.690875 

24.44444444 6271.32492 113.508369 

21.13425926 7041.04488 105.255874 

22.31481481 7397.51355 105.804016 

22.38425926 4526.83665 110.029222 

25.23148148 7315.49421 114.103594 

25.06944444 6504.76458 114.199672 

25.18518519 6214.5423 115.055771 

25.30092593 6952.71636 115.828408 

26.18055556 6741.35883 114.88507 

23.31018519 4586.77386 109.713552 

24.9537037 3835.98144 114.932369 

22.66203704 2100.95694 111.291242 

23.7962963 7183.00143 112.906299 

24.72222222 7255.557 114.058812 

23.24074074 3028.4064 110.888134 

21.71296296 6504.76458 105.47779 
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20.32407407 7555.24305 104.361715 

21.78240741 7646.72616 107.656832 

23.03240741 7536.31551 108.29643 

24.28240741 6530.0013 109.757712 

25.09259259 7536.31551 111.95235 

25.23148148 6078.89493 111.65166 

25.18518519 7555.24305 111.634453 

24.44444444 6627.79359 110.562469 

25.16203704 7479.53289 113.05974 

25.23148148 7369.12224 111.81489 

25.13888889 7470.06912 111.738092 

25.18518519 7665.6537 111.596844 

25.0462963 7533.16092 112.115218 

25.27777778 7403.82273 111.208417 

23.98148148 7747.67304 111.542865 

25.39351852 7552.08846 113.864855 

26.27314815 7665.6537 114.368481 

26.18055556 7779.21894 114.941072 

26.15740741 7186.15602 115.070549 

26.99074074 7369.12224 117.398405 

28.125 7388.04978 117.368794 

27.15277778 5962.1751 117.133535 

24.97685185 2823.35805 114.009649 

25 4072.57569 112.909954 

26.59722222 7151.45553 113.620206 

26.99074074 6545.77425 115.315966 

26.85185185 6328.10754 115.313122 

26.45833333 5372.26677 117.243485 

25.92592593 5151.44547 115.700039 

25.37037037 5936.93838 115.754431 

23.24074074 3533.1408 112.134411 

24.4212963 3653.01522 115.159817 

23.40277778 3394.33884 111.7641 

24.44444444 2826.51264 112.887561 

24.30555556 3987.40176 113.976725 

24.4212963 3239.76393 113.96095 

23.7962963 2725.56576 112.227813 

25.92592593 4634.09271 116.336209 

26.22685185 6239.77902 116.760012 

24.83796296 3542.60457 114.401757 

24.74537037 3880.1457 113.796175 

26.57407407 7148.30094 114.838609 

27.87037037 6492.14622 117.689885 

27.5462963 6145.14132 118.915517 

25.64814815 4924.31499 116.253632 

25.74074074 5334.41169 115.074157 

28.98148148 6056.8128 119.127373 

28.37962963 6665.64867 117.562745 

27.40740741 5138.82711 118.033462 

26.25 4353.3342 116.21855 

28.33333333 6779.21391 119.498409 

27.29166667 6608.86605 118.706282 

28.65740741 6826.53276 120.95922 
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25.90277778 4706.64828 118.402242 

25.20833333 4709.80287 115.097984 

24.93055556 3867.52734 114.47646 

25.34722222 5003.17974 117.023613 

26.15740741 6097.82247 116.719929 

27.19907407 7129.3734 116.529024 

26.99074074 6343.88049 116.039739 

23.91203704 1854.89892 111.578648 

25.23148148 3075.72525 115.560463 

25.18518519 5488.9866 114.127261 

27.01388889 6801.29604 118.794734 

27.43055556 7195.61979 117.803517 

28.61111111 6612.02064 118.197131 

26.62037037 6208.23312 114.26483 

27.82407407 6457.44573 114.280696 

25.0462963 1671.9327 111.671722 

26.18055556 5744.50839 115.85138 

25.85648148 3567.84129 117.016904 

28.81944444 6637.25736 119.331298 

27.93981481 6776.05932 119.80007 

27.63888889 6425.89983 118.41278 

27.22222222 6845.4603 116.493574 

26.66666667 5589.93348 116.330678 

27.56944444 5561.54217 116.770367 

26.9212963 5656.17987 115.850743 

27.10648148 6457.44573 116.157935 

26.64351852 4681.41156 115.385328 

26.89814815 5353.33923 116.19292 

27.36111111 6195.61476 117.857281 

27.38425926 5889.61953 117.688298 

26.55092593 3514.21326 115.319146 

26.8287037 4738.19418 117.098171 

27.80092593 6050.50362 118.261765 

27.47685185 6126.21378 117.150024 

27.17592593 3940.08291 115.651786 

25.53240741 3217.6818 114.102126 

24.93055556 4205.06847 113.476885 

26.80555556 5753.97216 115.450029 

26.96759259 4416.426 114.789981 

27.31481481 5315.48415 115.314118 

27.12962963 5492.14119 116.612474 

28.35648148 4908.54204 118.158061 

26.48148148 4892.76909 111.545145 

26.73611111 3463.73982 116.655473 

25 4574.1555 113.833403 

24.93055556 4782.35844 109.701187 

25.50925926 5858.07363 108.755982 

27.68518519 4526.83665 113.964387 

26.89814815 5094.66285 115.240996 

26.01851852 4776.04926 113.51797 

27.03703704 4116.73995 116.356382 

20.87962963 5753.97216 104.841798 

25.53240741 5492.14119 110.571189 
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25.34722222 5507.91414 114.399147 

26.94444444 5334.41169 117.388288 

25.50925926 4347.02502 114.105523 

26.34259259 3451.12146 113.858694 

24.88425926 5337.56628 109.144745 

25.5787037 5258.70153 111.883434 

26.43518519 3763.42587 114.249721 

25.23148148 3747.65292 112.690493 

23.63425926 3466.89441 106.781052 

24.53703704 2820.20346 112.633484 

25.46296296 3372.25671 114.49911 

24.49074074 1485.81189 111.798447 

23.65740741 2492.1261 110.509814 

24.4212963 2750.80248 115.037917 

20.92592593 3123.0441 101.687562 

15.16203704 4085.19405 94.365768 

17.15277778 2268.15021 96.68634 

21.89814815 2627.77347 101.54095 

25.69444444 4331.25207 113.375874 

25.34722222 4671.94779 113.427729 

25.6712963 4324.94289 113.754809 

22.40740741 2889.60444 108.48406 

21.68981481 2731.87494 105.530002 

21.31944444 2564.68167 105.680364 

16.875 2785.50297 98.606193 

20.625 3993.71094 106.132656 

15.64814815 4265.00568 96.009459 

11.94444444 4277.62404 94.939189 

13.68055556 3971.62881 96.058972 

17.5 3280.7736 97.433651 

20.55555556 4283.93322 101.404785 

18.95833333 1735.0245 101.468705 

14.05092593 3817.0539 95.13222 

16.59722222 3794.97177 100.356098 

19.3287037 4063.11192 102.307227 

15.32407407 3343.8654 98.760562 

23.42592593 3921.15537 111.868864 

18.05555556 2113.5753 99.822557 

11.66666667 3908.53701 94.945002 

12.5 3725.57079 96.92693 

17.06018519 3085.18902 99.484396 

21.11111111 3337.55622 106.966769 

18.1712963 3665.63358 101.400183 

20.64814815 3466.89441 105.272863 

20.74074074 3536.29539 106.309216 

20.30092593 3353.32917 107.36457 

23.61111111 3135.66246 112.255311 

20.48611111 2063.10186 105.012924 

18.56481481 1517.35779 100.525256 

17.87037037 1460.57517 98.575052 

20.18518519 1028.39634 101.61699 

17.82407407 2665.62855 99.728398 

23.10185185 2776.0392 110.159043 
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22.08333333 3271.30983 108.864237 

18.7037037 1432.18386 102.865869 

13.05555556 3779.19882 98.393046 

14.16666667 2558.37249 96.502996 

11.73611111 3854.90898 97.771627 

12.87037037 3738.18915 98.61889 

 

 

Appendix 3 – NN Model 1.2. (Inputs and Output) 

The following Appendix C table lists the input and output data used to build the NN 

Model 1.2. (using data for the days of the year that the building was occupied).  

Appendix C: Input and Output data used to build the NN Model 1.2. 

Inputs - Non Occupied Days Output - Non Occupied Days 

Dry Bulb 

Temperature 

(°C) 

Solar Radiation (W/m^2) Energy Consumption (kWh) 

18.72685185 3962.16504 6.230885 

23.24074074 3195.59967 6.206715 

19.58333333 2880.14067 6.218505 

20.06944444 3548.91375 6.253842 

14.18981481 1391.17419 7.048632 

20.625 4113.58536 6.171301 

21.875 3810.74472 6.164564 

22.52314815 2902.2228 6.169654 

24.83796296 3671.94276 6.080874 

19.88425926 3687.71571 6.117356 

22.61574074 3350.17458 6.125323 

20.11574074 1962.15498 6.170448 

11.45833333 4731.885 7.676117 

14.62962963 4504.75452 7.369265 

19.16666667 3653.01522 6.212802 

22.5 1640.3868 6.232873 

18.63425926 5129.36334 6.227147 

18.37962963 2924.30493 6.156392 

16.01851852 5208.22809 6.359331 

20.48611111 5394.3489 6.117834 

19.375 4892.76909 6.131932 

22.24537037 3290.23737 6.188348 

23.14814815 4394.34387 6.193731 

20.97222222 5356.49382 6.195003 

21.62037037 5116.74498 6.191503 

19.3287037 5873.84658 6.189396 

20.97222222 6548.92884 6.179223 

21.94444444 6268.17033 6.098348 
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23.21759259 3712.95243 6.124239 

19.12037037 5201.91891 6.179127 

22.22222222 4908.54204 6.188301 

23.26388889 6659.33949 6.116942 

24.49074074 4397.49846 6.120459 

23.91203704 6091.51329 6.088106 

25.16203704 7183.00143 6.073371 

25.92592593 3548.91375 6.029235 

20.99537037 2290.23234 6.107585 

24.9537037 6000.03018 6.055132 

25.06944444 6779.21391 6.063246 

22.84722222 7621.48944 6.059917 

24.30555556 7542.62469 6.065946 

24.58333333 7151.45553 6.037416 

24.81481481 7050.50865 6.053993 

24.3287037 7681.42665 6.009382 

24.53703704 7419.59568 6.037472 

25.60185185 7362.81306 5.979711 

26.99074074 7839.15615 5.985645 

29.00462963 7113.60045 5.973633 

27.84722222 6000.03018 5.956884 

26.78240741 7022.11734 5.978347 

26.38888889 5700.34413 5.979277 

26.04166667 5343.87546 6.006347 

25.16203704 4429.04436 6.070257 

24.23611111 3198.75426 6.105864 

24.39814815 3479.51277 6.099812 

25.06944444 4624.62894 6.10216 

26.99074074 7031.58111 6.012681 

26.48148148 5794.98183 6.021811 

27.31481481 6918.01587 6.01058 

27.12962963 7268.17536 5.975916 

27.29166667 6996.88062 5.977165 

29.375 6463.75491 5.954489 

27.89351852 6463.75491 5.961164 

24.25925926 3996.86553 6.019886 

24.67592593 5514.22332 6.043294 

27.26851852 7189.31061 6.014422 

27.06018519 4741.34877 6.015067 

27.06018519 4072.57569 5.957903 

26.52777778 5725.58085 5.981807 

26.75925926 6794.98686 6.00715 

28.40277778 6895.93374 5.997594 

26.08796296 6441.67278 5.946085 

26.9212963 4861.22319 5.974209 

25.78703704 5343.87546 5.970954 

26.11111111 5138.82711 5.995692 

28.10185185 5003.17974 5.948532 

27.89351852 5170.37301 5.973851 

27.59259259 6006.33936 5.970176 

25.78703704 4000.02012 6.002447 

26.01851852 5621.47938 6.021107 

26.94444444 4157.74962 5.956346 
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26.27314815 5009.48892 5.986857 

26.68981481 5053.65318 5.989448 

27.52314815 5309.17497 5.997082 

21.68981481 4924.31499 6.037766 

23.49537037 5798.13642 6.047581 

25.37037037 3905.38242 6.019395 

25.60185185 4160.90421 6.043592 

25.30092593 4861.22319 6.045583 

24.4212963 3003.16968 6.025539 

21.85185185 4047.33897 6.078559 

24.74537037 3094.65279 6.097045 

25.0462963 3457.43064 6.094148 

23.47222222 3924.30996 6.162151 

23.26388889 3394.33884 6.164981 

23.19444444 1665.62352 6.142325 

26.43518519 3858.06357 6.126645 

24.60648148 4507.90911 6.130416 

18.56481481 4466.89944 6.175104 

16.41203704 4290.2424 6.194937 

19.83796296 4050.49356 6.195564 

18.93518519 4069.4211 6.183558 

15.92592593 3533.1408 6.202103 

19.72222222 3955.85586 6.223352 

22.22222222 3914.84619 6.199535 

19.56018519 2217.67677 6.243739 

20.16203704 2280.76857 6.260269 

18.81944444 1902.21777 6.179525 

21.04166667 2671.93773 6.199108 

18.26388889 943.22241 6.281326 

19.79166667 3419.57556 6.285557 

13.54166667 3735.03456 6.986064 

10.11574074 3716.10702 8.404366 

10.11574074 3769.73505 8.306786 

15.81018519 3858.06357 7.025938 

 

Appendix 4 – New weather data used to test NN Models 1 & 2  

The following tables presents the weather data that was used to test the trained NN 

Models 1 & 2. The data consists of dry bulb temperature and solar radiation for the 

months of August 2020 through March 2021. Appendix D and Appendix E list the 

weather data for occupied and non-occupied days of the year for the building, 

respectively. 
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Appendix D: Weather data used to test the NN using only occupied days 

 

Weather Data to Test the NN - Occupied Days 
 

Day of the Year 

Dry Bulb 

Temperature 

(°C) 

Solar Radiation (W/m^2) 

8/3/2020 28.64 6500 

8/4/2020 28.8 6480 

8/5/2020 27.77 2670 

8/6/2020 27.9 7020 

8/7/2020 28.06 6980 

8/10/2020 28.42 6950 

8/11/2020 27.74 6370 

8/12/2020 27.95 5330 

8/13/2020 28.38 5970 

8/14/2020 28.66 6910 

8/17/2020 27.85 6350 

8/18/2020 27.74 6850 

8/19/2020 27.23 5620 

8/20/2020 27.34 5520 

8/21/2020 27.81 5420 

8/24/2020 29.06 6560 

8/25/2020 29.03 6550 

8/26/2020 28.85 6620 

8/27/2020 28.71 6260 

8/28/2020 28.58 6140 

8/31/2020 26.95 6070 

9/1/2020 27.97 6390 

9/2/2020 28.49 6610 

9/3/2020 28.62 6620 

9/4/2020 28.42 6310 

9/7/2020 26.75 3130 

9/8/2020 26.92 5970 

9/9/2020 27.21 5950 

9/10/2020 27.63 5980 

9/11/2020 27.83 6000 

9/14/2020 27.36 4740 

9/15/2020 27.64 4960 

9/16/2020 27.53 3910 

9/17/2020 27.66 5870 

9/18/2020 27.78 4610 

9/21/2020 26.28 5160 

9/22/2020 25.4 4340 

9/23/2020 25.57 5430 

9/24/2020 26.75 4780 

9/25/2020 27.32 4450 

9/28/2020 27.26 4410 

9/29/2020 26.95 4900 

9/30/2020 23.27 3500 

10/1/2020 24.79 3230 

10/2/2020 24.11 3980 

10/5/2020 26.99 3300 

10/6/2020 27.56 5200 
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10/7/2020 27.79 5200 

10/8/2020 27.53 5300 

10/9/2020 27 4290 

10/12/2020 26.12 5350 

10/13/2020 25.61 5400 

10/14/2020 26.07 5220 

10/15/2020 26.55 5280 

10/16/2020 26.22 4820 

10/19/2020 26.07 2040 

10/20/2020 26.08 2780 

10/21/2020 25.54 2670 

10/22/2020 25.84 3810 

10/23/2020 25.49 3710 

10/26/2020 26.11 4340 

10/27/2020 26.59 4600 

10/28/2020 26.7 4540 

10/29/2020 26.8 4550 

10/30/2020 22.48 4560 

11/2/2020 20.68 4530 

11/3/2020 20.56 3900 

11/4/2020 22.58 3990 

11/5/2020 23.74 4070 

11/6/2020 24.26 3860 

11/9/2020 25.55 2280 

11/10/2020 25.91 2770 

11/11/2020 25.73 1810 

11/12/2020 25.46 2370 

11/13/2020 23.86 3790 

11/16/2020 23.96 3380 

11/17/2020 20.74 4330 

11/18/2020 20.26 3340 

11/19/2020 21.33 2640 

11/20/2020 22.47 3350 

11/23/2020 21.34 3750 

11/24/2020 21.62 3750 

11/25/2020 22.72 3990 

11/26/2020 22.91 3540 

11/27/2020 22.97 3640 

11/30/2020 20.44 1980 

12/1/2020 10.94 4130 

12/2/2020 12.1 3670 

12/3/2020 18.12 2810 

12/4/2020 20.9 2110 

12/7/2020 16.36 1650 

12/8/2020 11.08 3690 

12/9/2020 11.02 4060 

12/10/2020 14.78 3100 

12/11/2020 17.7 3240 

12/14/2020 21.42 2570 

12/15/2020 19.74 2560 

12/16/2020 19.99 1770 

12/17/2020 17.28 1500 

12/18/2020 12.19 3590 
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12/21/2020 18.39 3640 

12/22/2020 15.41 3740 

12/23/2020 18.62 3560 

12/24/2020 21.31 2810 

12/25/2020 9.38 3930 

12/28/2020 18.28 3150 

12/29/2020 18.82 3630 

12/30/2020 20.7 3070 

12/31/2020 22.16 3610 

1/1/2021 22.86 3610 

1/4/2021 15.02 4000 

1/5/2021 14.69 4110 

1/6/2021 15.56 3960 

1/7/2021 18.95 2220 

1/8/2021 16.84 3160 

1/11/2021 18.26 3660 

1/12/2021 16.98 990 

1/13/2021 14.67 1470 

1/14/2021 13.84 4210 

1/15/2021 15.69 3780 

1/18/2021 14.54 4130 

1/19/2021 14.81 4320 

1/20/2021 17.03 4260 

1/21/2021 16.79 4180 

1/22/2021 18.25 4150 

1/25/2021 21.65 3430 

1/26/2021 21.42 3560 

1/27/2021 21.67 4050 

1/28/2021 15.87 4180 

1/29/2021 14.35 4620 

2/1/2021 15.81 3880 

2/2/2021 9.22 4500 

2/3/2021 9.74 4890 

2/4/2021 12.2 4840 

2/5/2021 16.54 4680 

2/8/2021 20.22 1800 

2/9/2021 22.44 4380 

2/10/2021 22.16 4760 

2/11/2021 22.13 4630 

2/12/2021 22.49 3030 

2/15/2021 23.4 4520 

2/16/2021 21.1 4680 

2/17/2021 19.63 2100 

2/18/2021 23.75 5090 

2/19/2021 21.81 4670 

2/22/2021 21.06 5180 

2/23/2021 19.79 5340 

2/24/2021 20.27 5230 

2/25/2021 19.82 5670 

2/26/2021 21.36 5630 

3/1/2021 24.53 5270 

3/2/2021 22.63 4720 

3/3/2021 20.78 5130 
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3/4/2021 17.78 5100 

3/5/2021 18.44 5930 

3/8/2021 17.06 4230 

3/9/2021 18.99 5500 

3/10/2021 19.3 5500 

3/11/2021 20.34 5870 

3/12/2021 20.22 6010 

3/15/2021 22.09 5690 

3/16/2021 23.41 5390 

3/17/2021 24.07 6230 

3/18/2021 24.86 6140 

3/19/2021 21.06 6420 

3/22/2021 18.42 5790 

3/23/2021 20.64 5520 

3/24/2021 22.27 6550 

3/25/2021 24.6 6240 

3/26/2021 25.11 6310 

3/29/2021 23.57 6394 

3/30/2021 25.08 6432 

3/31/2021 24.912 6463 

 

Appendix E: Weather data used to test the NN using only non-occupied days 

 

Weather Data to Test the NN - Non occupied Days 
 

Day of the Year 

Dry Bulb 

Temperature 

(°C) 

Solar Radiation (W/m2) 

8/1/2020 28.6 7380 

8/2/2020 27.54 2010 

8/8/2020 28.11 7050 

8/9/2020 28.59 7100 

8/15/2020 28.09 6440 

8/16/2020 28.1 6600 

8/22/2020 28.07 5380 

8/23/2020 28.76 6590 

8/29/2020 28.54 5270 

8/30/2020 27.26 4310 

9/5/2020 28.44 6090 

9/6/2020 27.63 4900 

9/12/2020 27.56 2390 

9/13/2020 27.25 3290 

9/19/2020 27.36 5650 

9/20/2020 27.45 2000 

9/26/2020 27.29 5420 

9/27/2020 27.48 4490 

10/3/2020 24.68 1940 

10/4/2020 25.63 2650 

10/10/2020 27.24 3760 

10/11/2020 26.93 4060 
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10/17/2020 25.83 4590 

10/18/2020 25.94 1920 

10/24/2020 25.9 3410 

10/25/2020 26.26 3880 

10/31/2020 24.28 4270 

11/1/2020 25.7 2460 

11/7/2020 24.88 3480 

11/8/2020 25 1250 

11/14/2020 24.36 2310 

11/15/2020 25.38 3040 

11/21/2020 22.81 2370 

11/22/2020 23.16 2180 

11/28/2020 22.95 3600 

11/29/2020 22.89 3320 

12/5/2020 19.11 3140 

12/6/2020 18.23 3270 

12/12/2020 20.25 2060 

12/13/2020 20.93 3360 

12/19/2020 18.35 2650 

12/20/2020 19.89 2270 

12/26/2020 8.35 3140 

12/27/2020 14.69 3510 

1/2/2021 22.66 2600 

1/3/2021 20.72 1590 

1/9/2021 10.79 2930 

1/10/2021 12.06 3880 

1/16/2021 13.49 4200 

1/17/2021 12.7 3040 

1/23/2021 18.49 1430 

1/24/2021 20.83 3180 

1/30/2021 16.88 4030 

1/31/2021 19.55 4110 

2/6/2021 19.32 2310 

2/7/2021 21.17 3590 

2/13/2021 22.89 2530 

2/14/2021 23.13 4150 

2/20/2021 15.39 5480 

2/21/2021 18.25 4210 

2/27/2021 23.01 5500 

2/28/2021 23.66 5580 

3/6/2021 19.45 2.44 

3/7/2021 16.89 5.79 

3/13/2021 20.4 6.01 

3/14/2021 21.2 6.15 

3/20/2021 18.43 4.65 

3/21/2021 16.87 4.92 

3/27/2021 24.73 6.6 

3/28/2021 26.07 6.425 

 

 


