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ABSTRACT 
Real-time Energy Visualization Solutions for Light Commercial Businesses 

 
Nathaniel Smith 

In recent years, several real-time Energy Visualization (EV) systems have emerged in the 
market with specific applications for large industrial and commercial facilities and residential 
buildings. However, light commercial businesses have been neglected with only a few attempts 
for EV solutions. The purpose of this study was to develop and test a system that could provide a 
cost effective and flexible EV solution for light commercial businesses. The system consisted of 
monitoring hardware and three energy visualization dashboards. Testing and validation of the 
system was conducted using a focused group of participants consisting of energy managers, 
engineers, and other typical dashboard users through analytical (usability test) and subjective 
(NASA TLX) methods. The EV dashboard designed using visuals such as gauges, alternating 
light meters, and color changes, etc. received higher engaging and lower analytical ratings 
compared to the dashboard designed using visuals such as simple charts, lines, etc. The engaging 
dashboard received the highest “interesting and trustworthy” ratings, the lowest mental 
workload, and the quickest time to answer energy questions. It is expected that the system 
developed in this study would assist the facilities in making energy efficiency decisions 
instantaneously instead of waiting for a monthly utility bill. Finally, in order to guide business 
owners with design, development and installation of a custom-made real-time EV system, an 
Energy Dashboard Installation Guide program was developed. Based on the unique operational 
requirements of a business, this program produces a wiring diagram, list of hardware, and an 
approximate system cost. 
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Chapter 1: Introduction 
Energy consciousness is a growing concern in society and within the industry. Facilities 

utilize electricity, natural gas, and other forms of energy to produce products and perform 

various processes. In 2015, residential energy consumption totaled to 20,558 TBtu (Trillion Btu) 

while both commercial and industrial energy consumption totaled to 49,403 TBtu (“Energy 

Consumption by Sector,” 2016). This enormous amount of energy consumed across all sectors 

places a strain on both nonrenewable and renewable resources. In 2015, only 601 TBtu in the 

residential sector and 2,539 TBtu in the industrial and commercial sectors were from renewable 

resources (U.S. Energy Information Administration, 2016). The demand for energy will only 

continue to increase with a rising population and increasing energy consumption. The U.S. and 

the world cannot afford to allow an energy crisis to arise in the upcoming years.  

Apart from energy, the economy of the U.S. has had many peaks and pitfalls during its 

history. Today, the economy is continuing to gradually improve from a large economical loss in 

2008 (The Economist, 2013). Many companies have had to cut jobs, lower production, and even 

shut facilities down across the nation. Every major manufacturing and industrial facility is 

continually facing financial decisions and striving to provide innovations that allow them to 

succeed in this competitive market. 

To combat the increasing demand for energy, many initiatives have been promoted, but a 

few have gained traction within the past decade – energy visualization, management and control 

systems. Energy Management Systems (EMS) is defined as a system which employs 

microprocessors, control panels, equipment, monitors, and other devices that are configured into 

a network with multiple locations for visualization of data and control (Panke, 2001). An EMS 

operates by controlling the energy usage through commands. Energy visualization (EV) is a 
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system that allow users to visualize their energy usage in real time. An EV system can only 

visualize the energy usage. If combined, then the EV and EMS systems can visualize and 

control, respectively, energy in real time. Instead of waiting for a monthly utility bill, facilities 

can measure the energy usage of their equipment individually in real-time to monitor signals of 

any anomalies, electrical usage peaks, analytics, etc. This provides further context for facilities to 

better manage their overall energy usages and monitor their equipment closely. Overall, human 

behavior is important for achieving energy efficiency as a good energy control/management 

system is not sufficient if it is failing to make a connection with the user. Thus, EV systems can 

aid with bridging this gap. 

EV systems when coupled with EMS or control systems, can possess capabilities to 

monitor and display specific metrics from various pieces of equipment that include but are not 

limited to: operating temperatures, pressures, flows, current, etc. A totalizer can be incorporated 

to track the total amount of energy being consumed in a certain time period. Additionally, an 

integrated historian can also be incorporated to allow review of previously recorded data. Such 

systems can truly serve as a valuable tool for achieving energy efficiency as the users could track 

and perhaps reduce their energy consumption. 

Across residential, commercial, and industrial sectors, hardware and monitoring software 

can acquire “Big Data” and consolidate it for review or control. Various visualizations are 

utilized in the software to allow the users to interact and understand the data in a graphical and 

visual manner. Currently, a significant number of energy monitoring and control systems are 

available on the market for residential, large commercial, and industrial applications. 

A “small business” is defined as a company that is staffed by 500 or less employees by 

the U.S. Department of Agriculture (U.S. Department of Agriculture, n.d.). However, this is a 
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broad range of businesses. Many would consider a commercial business that had over 100 

employees would be classified as a large commercial business. Furthermore, a commercial 

business is identified as a business that is an energy-consuming business that consists of service-

providing facilities and equipment of businesses (U.S. Energy Information Administration, n.d.-

a). An industrial business is defined as a business that consists of all facilities and equipment 

used for producing, processing, and assembling goods; manufacturing is heavily involved in the 

industrial sector (U.S. Energy Information Administration, n.d.-b). For this research, a light 

commercial business is defined as a commercial business that staffs less than 100 employees. 

The light commercial industry has been asked to adapt a different sector’s EMS and/or 

EV solution for their use. However, this is unacceptable as the light commercial sector has its 

own requirements and operates completely differently than the other sectors. The overall 

objective of the research is to develop and evaluate a new EV system for the light commercial 

sector that is low cost and flexible for the different types of businesses. Research also focused on 

different techniques of data and energy visualization, impact of data visualization on user, and 

the current EV systems on the market.  
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Chapter 2: Literary Review 
2.1 Data Visualization Background 

 Data visualization is typically used to help users understand the data through viewing it 

from different viewpoints (Mizuno, Mori, Taniguchi, & Tsuji, 1997). Data visualization has two 

main aspects: the content of the data and the graphical representation of the data. First, the 

content and type of data is important. Data visualization is not simply showing data, it is 

essentially storytelling. A comparison of exploratory vs. explanatory analysis will assist in this 

explanation. Knaflic explains that exploratory analysis is simply showing all of the possible data 

gathered (Knaflic, 2015). Many people do this to show the robustness of the analysis and that a 

lot of work has been completed. However, she argues that it is better to use explanatory analysis 

to tell a story with the data. Explaining who, what, and how, along with an overall objective and 

message will allow for a user to better develop a data visualization set. When considering 

visualizing energy data, the data must be important and have worth to the business or company 

functions. Without importance, necessity, or function, the data is worthless to a user. Useless or 

faulty data is worse than having no data. The data must be meaningful to the user and encourage 

the user to make an action. This is a crucial, and often overlooked, step in designing 

visualizations. 

Second, the graphical representation of the data is of high importance. Though the 

content of the data is essential, if a user cannot interpret or draw conclusions from the data 

effectively and efficiently, the visualization is of no use either. A new term in recent years that 

has been trending is “dashboard.” Dashboards are a visual display showing the most important 

information used to achieve an objective; while they are arranged on a single screen and can be 

viewed and monitored at a glance (Few, 2006). The definition of dashboard is as follows: a 
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dashboard is a single screen showing multiple visuals using several energy data points to display 

information in an efficient manner. From a macroscopic view, these dashboards should provide 

data visualizations for the user using a combination of graphics and text to provide a clear 

message to the viewer. Furthermore, these visualizations should immediately identify whether 

the company or process is performing well or not. Key performance indicators (KPIs) or other 

metrics should be agreed upon within the company or business and provided within these 

dashboards or data visualizations. In general, the visuals on a dashboard will be dependent on the 

type of data being displayed and the function of the data within the business.  

Furthermore, a growing trend is that analytics are being implemented along with the 

visualizations. Automatic fault detection, diagnostics, and data interpretation software serve as 

great analytical tools for users (Capehart, 2005). Abnormal patterns and alert systems allow for 

preventive maintenance to be performed before a major shutdown or other issues occur (Guity & 

Rabinowitz, 2013). Additionally, in analytics, benchmarking with benchmark databases and tools 

serve as a great standard for companies to strive. Benchmarking data from databases can be 

integrated into the analytical process within data visualization using toolkits such as from 

Seventhwave (Gunasingh, Marsicek, & Vigliotta, n.d.).  

Not only are there visual representations of data, but also filtering, drilling into further 

levels of detail, and dynamic graphing (Few, 2007).  The ability to manipulate data visually and 

in real-time has been a huge improvement over static graphs and visuals. Dashboards may offer 

multiple graphs that are all dynamic in nature so that when a selection of data is made, all the 

graphs and charts can change based on the selection made. This probes for further analytical 

investigation into the data and will allow for new insights to surface. Further animations 
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representing change throughout time and correlations have been utilized in recent years and will 

continue to grow. 

To assist in the explanation, two main distinctive categories of features have been 

identified as analytical and engagement features (Salmon, Morejohn, Office, & Davis, 2016). 

Analytical features provide vision into energy management such as multivariable analysis, trend 

detection, and alert capabilities as seen in Figure 2.1. Engagement features offer aesthetically 

pleasing visuals to serve as quick and easy viewing for users as shown in Figure 2.2. Both main 

feature categories can be utilized when building a dashboard to offer a balance between analytics 

and aesthetics. 

 

Figure 2.1: Analytical Features (Salmon et al., 2016) 
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Figure 2.2: Engagement Features (Salmon et al., 2016) 

2.2 Data Visualization Effects on Users 

Overall, little academic research has been completed on the effects of different energy 

dashboards and visualizations and their effect on the user. Visual perception is obviously the 

most important attribute when designing a dashboard. The user will use his/her working memory 

when viewing different data visualizations. As this type of memory is temporary and limited in 

nature, the design should adhere to these principles. For example, utilizing “preattentive 

attributes” as shown in Figure 2.3 allow for a user to quickly identify differences in data and 

capture a user’s attention (Knaflic, 2015). 
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Figure 2.3: Preattentive Visual Perception Attributes (Knaflic, 2015) 

Regarding dashboards, contrasts in color, text size, form and orientation of visuals, 

position, and motion are other preattentive attributes that can be utilized to comply with a user’s 

visual perception (Few, 2013). These preattentive attributes allow for the mind to easily 

distinguish differences in data without large cognitive processing of the mind. By simply 

viewing Figure 2.3, a user is easily able to pick out the differences in each scenario with little 

mental processing. Thus, the working memory is not placed under a large load and can be 

utilized for more detailed visuals in the dashboard. 

There are overarching goals that are prevalent in designing a comprehensive dashboard. 

The aesthetics of the visuals, clarity of the data, and the efficiency of interpretation of the amount 

of data presented at once is crucial to the designing of a dashboard. These factors give a 

foundation for the development of a dashboard and will allow for a visually appealing and highly 

informative dashboard to be presented to the user.  
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2.3 Energy Data Visualization Techniques 

2.3.1 Dashboard Visualization Technique Overview 

Energy data visualization is a relatively new topic within recent years. Specifically, 

energy dashboards provide data visualizations in the form of graphics and text to display the data 

in an intuitive manner. Energy dashboards have allowed for quick visualizations of energy 

trends, the ability to spot any anomalies in energy usage, and excessive loads (Lehrer, Vasudev, 

& Webster, 2010). Collectively, a well-designed dashboard should deliver the necessary 

information that is well organized, condensed to one screen, specific and customized to the user 

viewing the data, and displayed in the clearest and concise way possible (Few, 2013). 

In a case study, 277 participants were asked which visual in Figure 2.4 was seen as more 

interesting and trustworthy for building energy usage (Salmon et al., 2016). The map was 

identified as the most interesting and significantly more trustworthy than the bar chart. 

Enhancing the map to a bubble graph circling each building again proved to be more interesting, 

but slightly less accurate. This example shows that graphical interfaces such as the map is a great 

tool to promote interest as well as trustworthiness. However, this should be used in the correct 

manner to sustain accuracy. In large commercial applications, companies such as QA Graphics 

offer similar energy dashboard solutions using maps (QAGraphics, n.d.).  
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Figure 2.4: Bar Chart vs. Map for Data Visualization (Salmon et al., 2016) 

Data visualization expert, Cole Nussbaumer Knaflic, explains that there are twelve main 

different types of visuals used for data visualization purposes used across hundreds of different 

visuals and industries (Knaflic, 2015). These include: simple text, scatterplot, vertical bar, 

horizontal bar, table, line graph, stacked vertical bar, stacked horizontal bar, heatmap, 

slopegraph, waterfall, and square area. Each of these visuals are not difficult to utilize but must 

be used in the correct manner. To accompany Knaflic’s recommendations for data visualization, 

dashboard expert, Stephen Few, recommends specific visuals exclusively for dashboards. These 

include variations of line and bar graphs, gauges, spatial/geographic maps, box plots, and tree 

maps. 

Many dashboards utilize these visualizations to display data and show KPIs and metrics 

as shown in Figure 2.5. Overviews showing performance over an entire facility can be utilized as 

seen in Figure 2.6. Additionally, both graphical visuals can be used in conjunction with text-

based tables to give the graphics further detail as seen in Figure 2.7 as an example. 
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Figure 2.5: Texas University’s Energy Dashboard for Multiple Buildings (iDashboards, 2017) 

 

 
Figure 2.6: Overview Dashboard of Entire Building (Johnson Controls, 2013) 



P a g e  | 12 

 

Figure 2.7: Celequest Dashboard Utilizing Tables and Graphs Simultaneously (Few, 2006) 

2.3.2 Dashboard Visualization Detailed Techniques 

While simple bar graphs, line graphs, and tables can be used to display data in a 

traditional manner, these can be manipulated to give additional perspectives into the data. 

Further visualizations include load duration curves (Figure 2.8), stacked meter consolidation bar 

charts (Figure 2.9), and energy usage profiles (Figure 2.10) (Energy Efficiency & Demand 

Management & AEE Northern Ohio Chapter, 2014). Each of these graphs provide more data 

than just the amount of energy consumption over time. The line graph shown in Figure 2.8 shows 

the base load and the percent of time that the facility was under a certain electrical demand. This 

line graph explains if a certain load was simply a peak for the year, or if the load was typical of 
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that facility. For Figure 2.9, the stacked bar chart gives a detailed explanation as to the electrical 

demand for two different meters over time. As opposed to simply one totalized graph or two 

separate meter graphs, the stacked bar chart offers a comparison between the two meters for the 

same time frame. These charts are used for comparison among the different categories (meter 1 

and 2) over time. The categories serve as a breakdown of the total and serve as comparison of 

those categories (Kirk, 2012). For Figure 2.10, combining a bar chart with a smoothed line graph 

offers additional explanation for demand given the plotted degree days. All three of these visuals 

have been enhanced to provide additional details to be concluded from one visual. Utilizing 

visuals such as these are more intuitive than simple graphs, save space on a dashboard, and allow 

for more details from one visual. 

 

Figure 2.8: Load Duration Curve for a Facility for One Year (Energy Efficiency & Demand Management & 
AEE Northern Ohio Chapter, 2014) 
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Figure 2.9: Stacked Bar Chart for Several Meters for Electrical Demand (Energy Efficiency & Demand 

Management & AEE Northern Ohio Chapter, 2014) 

 

Figure 2.10: Double Y-Axis Chart to Compare Electrical Demand and Degree Days (Energy Efficiency & 
Demand Management & AEE Northern Ohio Chapter, 2014) 

While these dashboards do typically provide quantitative measures for energy 

consumption data (billing systems, energy usages, etc.), one interesting viewpoint was that of 

Giacomin who investigated sensory and perceptual qualitative representations of pieces of 

equipment and appliances in regards to energy visualization (Giacomin & Bertola, 2012). When 

conducting the experiment, participants viewed pieces of energy-intensive equipment in their 

homes as thermal images in color, but also in gray-scale. The research team found that the 
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infrared blue-red thermal images showed higher levels of emotional activation as seen in Figure 

2.11. 

 

Figure 2.11: Thermal Images for Hot Water Boiler, Radiator, and Water Faucet (Giacomin & Bertola, 2012) 

Another research team confirmed that thermal images left a lasting impression on the users and 

they considered being more energy conservative (Pahl, Goodhew, Boomsma, & Sheppard, 

2016). Thus, this research confirms the fact that color provides high importance in energy 

visualization techniques. 

Data visualizations are utilized for other industries that may not be trivial. Other data 

visualizations was that of geographic plotting systems acting as a heat map and a word cloud as 

seen in Figure 2.12 and Figure 2.13, respectively (Irwin, Robinson, & Belt, 2017).  The heat map 

was used to identify where certain airplanes were and the congestion associated with them. The 

word cloud was an example of how often certain words were used in text. The larger words were 

used more often whereas the smaller words were used less frequently. 
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Figure 2.12: Geographic Heat Map (Irwin et al., 2017) 

 

Figure 2.13: Word Cloud Example for Aviation (Irwin et al., 2017) 

There are hundreds, if not, thousands of different data visualization techniques and 

opportunities to be utilized for visualizing data. However, the visuals must match the data and its 

overall function. One visual technique may be better in some applications while another is better 

in another application. Depending on the facility, it is important to first decide on the KPIs that 
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are necessary and what data is required to be measured. From there, the visuals can be selected 

based on the best way to represent that data in a graphical and intuitive manner. 

2.4 Current Energy Visualization Systems on Market 

In the public spotlight, companies such as Sense, Neurio, and CURB have introduced 

simple and easy residential home energy monitoring solutions. These products monitor the main 

electrical lines in one’s home and their technology can detect, based on changes in current, how 

much electricity different appliances are consuming. Each appliance and major electrical device 

has “clues,” or an electrical current signature profile, that it produces so that the company’s 

technology can detect as to which appliance is which (Phillips, 2016). The data points are sent to 

a cloud-database through Wi-Fi and can be viewed on primarily a smartphone application or a 

desktop application. The Internet of Things (IoT) has provided a great insight into connecting 

many devices together. Capturing data through the use of sensors and analyzing this data can be 

crucial to the success of many companies (Smith & Wuest, 2017). The management of data 

collected from electronic sensors are essential to the success of energy efficiency (Perles et al., 

2017).  IoT is a major concept that is beginning to not only shape residential homes, but it also 

has industrial applications as well. 

In the commercial sector, there are EV systems currently offered on the market. First, the 

U.S. Department of Energy (DOE) does offer the Energy Looking Glass Dashboard for large 

hotels and resorts (U.S. Department of Energy, 2012). With this tool, a user must enter data daily 

into the generic template. The system allows for inputs from electric, gas, steam, and water 

meters. By utilizing cooling degree days (CDD) and heating degree days (HDD), the program 

calculates the overall energy usage of the building while providing some minor data analytics. 

ASHRAE also provides algorithms, formulas, and other calculation programs to assist in the 
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basic calculations of building energy usage (Strohm, 2014). Other building management systems 

(BMS) such as Metasys, Automated Logic, and other systems provide insight into a facility’s 

building (Lehrer et al., 2010). However, much of what is missing is the capability to drill-down 

to further detail, visualizing more data points, and tools to use data analysis. 

Within the industrial sector, facilities have utilized “Supervisory Control And Data 

Acquisition” (SCADA) systems and other industrial energy monitoring/control systems. By 

connecting large HVAC systems, compressed air systems, and even lighting to a SCADA 

system, facilities have been able to monitor and control their energy usage in recent years. 

Companies such as Siemens, Honeywell, and other large corporations provide large expensive 

installations for these companies that are interested in monitoring and controlling their energy 

usage in their plant or facility. These HVAC or compressed air systems are all connected to a 

main programmable logic controller (PLC) that receives the data, makes a decision based on the 

data, and then sends a signal to either make changes to the system or relays this data to a 

monitoring system for a user to view. 

From the research, four main tiers have been established based on the different 

capabilities necessary. These tiers are categorized based on three viewing options: 

• Local – Access the data only through the human machine interface (HMI) by 
viewing it physically at the HMI. Can only view from the HMI at the PLC 
 

• Remote – View the local display at the HMI from another location through 
virtual network computing (VNC). “Remotely view the local display” 

 
• Cloud – View the data from a cloud-based database through the internet. Global 

viewing from anywhere in the world 

Generally, with these tiers, price follows the capabilities where price is ascending from least 

expensive to most expensive. Tier 1 only offers local viewing while tiers 2, 3, and 4 offer the 
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potential for remote viewing. However, only tiers 3 and 4 offer cloud viewing. The tiers are 

defined as follows: 

1. Local Touchscreen with Basic PLC – Utilizing a simple PLC (such as Velocio 
or Click) or I/O (input/output) module, an HMI or touchscreen can be attached for 
local display of data that the PLC or I/O module receives. This tier has access to 
data locally at the basic PLC (limited inputs and outputs) with limited 
visualizations and data analytics. 
 

2. HMI Intranet Remote Access via VNC – Through VNC, highly capable HMIs 
(such as Allen Bradley PanelView or Maple Systems HMIs) at the PLC can 
communicate with a remote computer on the same intranet network and display 
the local HMI through a program interface. This tier offers more inputs and 
outputs, more visual options and metrics, and can view data remotely from 
computer while on the main network using VNC. 

 
3. Open Database-driven System – Utilizing Visual Basic .NET, data can be 

pushed from the highly capable PLC to the database where hundreds of preset 
visualizations are available for manipulation. As an open programming system, 
this tier offers data analytics, many visualizing options, and is capable for cloud 
access. 

 
4. Integrated SCADA System – Systems such as Wonderware and FactoryTalk 

offer the full fleet of data visualizations and data analytics. This tier is the most 
expensive with hundreds of preset visualizations, cloud capable, an integrated 
historian, trend and analytic capabilities, and alerts via e-mail and SMS. 

 

Based on the different tiers, a company may select an option based on their budget and facility 

needs. In addition, the facility must decide whether they will only need local viewing and little 

data analytics, or will they prefer remote access from anywhere and endless data analytic 

options. 

 Combining both the residential, commercial, and industrial sectors along with the 

different tiers of energy data visualization, a comparison must be made. As there is overlap 

between these sectors, Table 2.1 assists in providing context. Each platform is compared based 

on the following factors: 
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• Viewing capabilities – Local (L) and/or Remote (R) viewing capabilities 
 

• Cloud capabilities – Whether the platform supports a cloud database 
 

• Cost - $, $$, $$$ for least expensive to most expensive, respectively 
 

• Visualization Richness – The degree of quality of the data visualizations and 
abundancy of potential visuals on a scale of 1 – 5 ranging from least rich to most 
rich, respectively 

 
• Customizable – What range of manipulation and customizing can the platform 

perform on a scale of 1 – 5 ranging from least customizable to most customizable, 
respectively 

 
• Enable Analytics – Whether the platform allows for the potential for data 

analytics and program intelligence to be integrate 
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Table 2.1: Comparison Table of Different Platforms' Capabilities 

Sector Platform Viewing 
Capabilities 

Cloud 
Capabilities Cost Visualization 

Richness Customizable Enable 
Analytics 

Residential 

Sense Remote/Cloud $ 3 1 X 

Neurio Remote/Cloud $ 2 1 X 

CURB Remote/Cloud $ 3 1 X 

Commercial 

  Local Touchscreen with Basic 
PLC L X $ 1 2 X 

Industrial 

HMI Intranet Remote Access via 
VNC L/R X $$ 2 3 X 

Open Database-driven System L/R ✓ $$ 4 5 ✓ 
  Integrated SCADA System L/R ✓ $$$ 5 4 ✓ 
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Chapter 3: Rationale of Study 
3.1 Problem Scope 

 In recent years, both the residential and large industrial sectors are benefited with EMS 

and EV solutions that provide them with capabilities to monitor and control their energy usage in 

real-time. Within the light commercial sector, solutions for EMS and EV are limited: a low-cost 

option consists of general and simple building energy calculators based on the manual entry of 

data by the users; expensive BMS available for a large installation and ongoing annual costs. 

Small commercial buildings (less than 50,000 square feet) make up 90% of the total number of 

buildings in the United States (Barnes & Parrish, 2016). Yet, there are limited options for this 

sector. 

Interestingly, there are papers identifying that small commercial buildings are a niche that 

has not been met in EV realm. There are multiple sources that confirm that little research has 

been completed on this topic (Lehrer, Kaam, & Vasudev, 2014; Lock, Shyan, & Hartman, 2016). 

Some opportunities are considered such as downsizing larger EV systems typically used for large 

commercial or industrial applications, smart thermostats that can control lighting or other loads, 

and upsizing residential systems (Ehrlich, 2015). One project by the Lawrence Berkeley National 

Laboratory and Architecture 2030 partnered to develop the Small Commercial Toolkit which 

offered a program that included HVAC, lighting, plug load, and whole building calculators 

(Barnes & Parrish, 2016). Barnes identifies the obvious barriers of the small commercial sector 

with limited budgets, lack of time for focusing on energy efficiency, and other factors. 

For small commercial buildings, there is a technology gap where this industry is not 

currently being serviced in the EV realm. EV and EMS systems are currently available for large-

scale facilities utilizing IoT and connecting many pieces of energy-intensive equipment to the 
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network as well as continuous monitoring. These IoT networks are also integrated into the main 

intranet network of the facility – potentially causing protection and safety concerns. Shrinking 

this scope to the residential market, companies like Sense, Neurio, and CURB provide simple 

“plug-and-play” energy monitoring devices for refrigerators, dryers, and small HVAC systems to 

be connected to the computer and apps on a smartphone.  

Each of these technologies satisfy the industrial, large commercial, and residential 

markets. However, the small to light commercial industry is forgotten. Residential EV systems 

cannot withstand the many pieces of equipment that a commercial facility has, or the amount of 

energy used. On the larger spectrum, large-scale facility EV systems are overkill for the light 

commercial industry - both economically and in complexity. The large commercial systems that 

are offered are still complex and require significant upfront engineering project cost. Not only do 

the large commercial systems offer a high upfront cost (over $20,000), but there are also high 

ongoing costs (over $16,000 annually) (Granderson & Lin, 2016). 

Thus, the market is begging for a light commercial EV system option to be introduced. A 

system for this sector must be: 

• Economic for the small business 
 

• Easy to install and source necessary data devices 
 

• Flexible for a variety of equipment and future installations 
 

• Provide a safe, non-intrusive solution for EV 
 

• Automatic updating of data without interference 

Furthermore, little to no research has been completed, from an ergonomic and human 

factors perspective, for energy visualization systems. The various visuals, the human-to-machine 
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interfacing, the best ergonomic design layouts for energy dashboards, etc. have yet to be 

researched. These are just a few topics of the EV domain that have yet to have extensive 

research.  

3.2 Research Question and Objectives 

While the residential sector has EV systems that offer low-cost options, the 

customizations, viewing capabilities, and analytics are lacking. On the other extreme, Integrated 

SCADA systems provide all the visuals, customizations, and data analytics, but is quite 

expensive for light commercial businesses. Based on the different options in Table 2.1, the Open 

Database-driven System provides the best solution for a reasonable priced system that is highly 

capable of energy visualization for light commercial businesses. 

Our research question was: Does the proposed Open Database-driven energy 

visualization system provide a reasonable avenue for data capturing and visualization in the 

light commercial sector? The following objectives were set forth to address the research 

question: 

Objective 1 - System Design and Development: A system was designed and developed 

by adhering to the criteria of the Open Database-driven system. This involved tedious research of 

the capabilities of different components. The components were required to perform necessary 

duties to capture data from the various energy sources and transmit them to the I/O module or 

PLC. Communication from the devices, to the I/O module or PLC, and to the computer were 

essential to the success of the system. 

Objective 2 - Dashboard Testing and Validation: Once the system was developed, the 

dashboards were evaluated by a focused group of participants consisting of energy managers and 

engineers, and other typical dashboard users through analytical and subjective testing.  
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Objective 3 – Energy Dashboard Installation Guide Program: Finally, for the 

businesses that may be interested in implementing a system similar to the one developed in this 

study, a computer program was developed. This program, based on the operational 

characteristics of a business, develops a custom wiring diagram. It also creates an installation 

checklist that includes a list of energy monitoring equipment and approximate system costs.
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Chapter 4: Methodology 
The system was developed with a mindset that the required hardware was readily 

available to purchase on the market and provided a low cost and flexible option for small 

business owners. The system was built to be a simple “plug-and-play” system with built-in 

visuals for the PLC software. This chapter is divided into four main sections. A section on 

system development (objective 1) discusses how the system operates and communication of 

different hardware within the system as well as dashboard development. In the next section, 

system and dashboard validation is discussed where the system simulated energy consumption; 

25 participants were used to evaluate three different dashboards (objective 2). The next section 

on the Energy Dashboard Installation Guide Program (objective 3) focuses on the development 

and use of the program to guide business owners through the installation of their own energy 

dashboard for their specific business. The final section contains the process used for data 

analysis. 

4.1 System Development 

4.1.1 Hardware Research 

To provide an appropriate EV system application for light commercial businesses, 

thorough research was first conducted to determine the best technology and application. Since 

one of the objectives of the research was to build a low-cost EV system and keep the system 

open to several different pieces of equipment, economics and flexibility were given high priority. 

An essential product design phase roadmap centered around the customer was proposed in the 

early 2000’s (Wickens, Lee, Liu, & Becker, 2004). By first utilizing a front-end analysis 

approach, the major features of the current systems were recorded and identified, as seen in 
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Table 2.1, to be used in the proposed system. The features that are common among the different 

EV systems were included in the design of the proposed EV system.  

 When researching how to build the system, it was first determined as to which energy 

sources to capture. Three main energy sources for light commercial businesses included electric, 

natural gas, and water1. From these sources, components were required to obtain the data and 

relay this information to a central computer. Adhering to low cost and flexibility priority, 

exhaustive research was completed to identify which components were capable to capture data 

from the three different energy sources. Capabilities of meters and different hardware were 

researched and identified while designing the proposed system. 

It was identified that current transducers (CTs) were great devices for obtaining current 

readings from electrical equipment. These included freezers, chillers, HVAC systems, hot water 

electrical heaters, etc. These clamp-on devices could be placed on the main electrical lines of one 

phase of the equipment power wiring and wired back to the PLC. For lighting, one or several 

occupancy sensors could be installed in separate rooms to determine the energy usage of the 

lighting. The occupancy sensor could be connected to a digital input in the PLC. Once the sensor 

detects that the lights are operating, the PLC could record the data. To translate light usage into 

energy consumption, a small lighting assessment must be completed to obtain the number of 

lights, type of bulbs, and wattages. 

After evaluation of natural gas, it was determined that it was best measured using a 

natural gas flow meter that indicated instantaneous flow or total volume of gas. However, natural 

                                                 
1 Water, in principle, is a utility in the sense that it is generally easy to gain access. However, water can be used as a 
medium to carry/move energy. Electric and natural gas can be characterized as utilities as well in some contexts. 
However, throughout the paper, electric, natural gas, and water are labeled as “energy sources” though they can also 
be labeled as utilities in other contexts. 
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gas flow meters are intrusive (must be inserted into the main line) and expensive. Furthermore, 

most light commercial companies do not own their own natural gas flow meters, but utility 

companies do have their own flow meters. If this was not an option, for example, a gas furnace 

could be measured using two thermocouple wires and an airflow sensor. By inserting the airflow 

sensor into the airstream of the furnace, this will allow for recording of the air flow of the 

furnace. Next, the thermocouple wires can measure the ambient temperature and the output 

temperature, respectively. The overall energy usage of the furnace can be determined using the 

thermodynamic equation as seen in Figure 4.1. 

For water usage, there were several options available to obtain the data for energy usage. 

First, one must determine whether there is currently a water meter installed on the main water 

line. Typically, water meters produce a “pulse train” that is representative of flow rate through 

the meter. Additionally, manufacturers rate water meters based on a certain “k-factor” that is 

defined as the number of pulses that the meter outputs per unit of volume. In most cases, this is 

pulses per gallon. The time between pulses (in milliseconds) can be used to calculate the 

instantaneous flow rate. The total number of pulses can be used to calculate the total volume of 

water in gallons. 

If there is already an installed water meter, the water meter may have a pulse counter 

output on the meter. Many water meters offer a pulse counter output so that it can be connected 

to the PLC for measurement of the pulses to determine water flow. If this is the case, a pulse 

counter can be wired from the water meter straight into the digital input on the PLC. If there is 

no pulse counter output on the currently installed water meter, but there is an analog dial, then 

installing a simple photoeye in front of the analog dial can be used. Both the pulse counter and 
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the photoeye will be able to count the number of pulses or rotations, respectively, that occurred. 

Thus, the water flow can be calculated within the PLC. 

If there is no installed water meter, then a clamp-on water meter can be utilized. In this 

case, the clamp-on water meter can be placed on the main water line or on a gas hot water heater. 

The clamp-on water meter will display and output the rate of water that is flowing through the 

pipe. Next, one must determine the change in temperature to determine the overall flow. Two 

thermocouple wires will need to be wired on the main ambient water line and one after the piece 

of equipment. One wire will record the ambient water temperature and one wire will record the 

hotter water temperature after the piece of equipment (hot water heater). Finally, the overall flow 

of the water can be estimated to determine the amount of water being used in the facility. 

An installation diagram was developed for the proposed EV system to show all possible 

options as shown in Figure 4.1. Utilizing a PLC, CTs, pulse counters, photoeyes, and other 

equipment, a user may gain insight into how the energy is being utilized in the light commercial 

facility. 
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Figure 4.1: Block Diagram for the Proposed EV System 

This block diagram explains the different capabilities that the proposed EV system offers. 

Regarding a field installation, the specific wiring diagram would be dependent upon the 

equipment that the facility owns. Depending on the equipment and the utility metering (water 

and natural gas) capabilities, the diagram will alter based on the different options presented 

previously. 

4.1.2 PLC and HMI Integration 

Each component had to connect to a single device that was capable of inputting and 

outputting multiple data points – both analog and digital signals – depending on the energy 

source. Thus, a PLC or I/O module was decided to be used for obtaining the data and relaying 

the data to a main computer or HMI for visualization. 

A PLC acts as the “brains” of the operation of the EV system, so a PLC had to be 

determined. A PLC must be able to collectively analyze and continuously monitor several 
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different inputs into the system. The PLC could capture many different types of data, which 

made the system an open system. These inputs included analog, digital, and thermocouple inputs 

(AI, DI, T/C, respectively). Analog inputs allow various values to be recorded. These include 

electrical current, flow, etc. Digital inputs are considered on/off values and are binary. This 

includes occupancy sensors or a photoeye that detect whether there is movement or not. 

Thermocouple inputs are special types of inputs in that they are for direct connection to 

thermocouple wire to measure the temperature of the object that the wire is physically attached. 

The Velocio Ace 7096v5 PLC was chosen as the main PLC due to its capabilities of 6 

digital inputs, 12 digital outputs, 4 analog inputs, 2 analog outputs, 4 thermocouple inputs, and 2 

RS232 outputs. The PLC would allow many different pieces of equipment to be connected to the 

PLC and offer space for future potential equipment to be installed. A common output of the PLC 

is RS232. Regarding Figure 4.1, a small 7” HMI was installed to display the energy data 

collected as an output from the PLC to the HMI using the RS232 output. The HMI was 

touchscreen allowing the user to view energy usage of certain pieces of equipment, view the data 

over a defined period of time, and view the data in real time. The HMI served as a local display 

for the user and provided a direct display of the energy usage from the PLC to the HMI for 

human interaction. 

4.2 System and Dashboard Validation 

To validate the proposed system, an experiment was conducted to test the capabilities of 

the system and dashboard. The System Communication section provides insight as to how the 

components and devices communicated with one another for the experiment. The Dashboard 

Design section explains how the dashboards were developed based on the literary review. 
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Finally, the Dashboard Testing Procedure section explains how the experiment was conducted in 

various phases using usability and subjective testing methods. 

4.2.1 Interaction System Communication 

4.2.1.1 System Communication Overview 

 Since the system proposed using electric, natural gas, and water energy sources, certain 

components were required to simulate the actions of a real-time business. The components used 

in the system were CTs (electric), natural gas flow meters (natural gas), occupancy sensors 

(electric), and water meters (water). To simulate each of these, further research into how each of 

these components operate was necessary. For example, since the CTs and natural gas flow 

meters provide either 4 – 20 mA signals or 0 – 10V, then a signal generator could be used for 

each. Similarly, a running switch served as simulation for an occupancy sensor, a pulse generator 

for a water meter. Thermocouple wires could have been used to simulate temperature, but this 

was not completed in the experiment. The interaction system can be seen in Figure 4.2. 

  

Figure 4.2: Interaction System Block Diagram 

With this setup, the I/O module received many inputs (both analog and digital) and 

allowed for multiple outputs. A pulse generator simulated a water meter by outputting several 
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pulses per second using a counter. Two 4 – 20 mA signal generators served as sources for a CT 

and natural gas flow meter using an analog input. The signal generator simulated the current 

obtained from a CT. Electrical equipment was kept generic to represent current from a large 

freezer, chiller, HVAC system, or hot water electric heater. Similarly, another signal generator 

was used to simulate the current from a natural gas flow meter providing gas for a gas furnace. 

Both devices had dials that contained a potentiometer (to vary the resistance) that allowed for 

manual adjustment to simulate the changes in pulse or signal.  

A running switch was used to simulate a binary Boolean effect. The switch could 

communicate to the I/O module to signal as to whether a piece of equipment was on/off, whether 

there was occupancy in a room, or other on/off uses. In the system, the running switch was used 

to identify whether there was occupancy in a room. Each device and input were modeled to 

simulate a piece of equipment that would be in a light commercial facility. 

After sourcing the components to communicate with the I/O module, the I/O module had 

to communicate with the brick computer. After research of communication options between I/O 

modules and PLCs to computers, it was identified that Modbus Ethernet Protocol was a great 

selection. Using software and an ethernet cord, communication occurred between the two 

devices. From the PC, a monitor was connected to view the visualizations and developed 

dashboard. Specific software allowed for the data to be recorded into a database for further 

visualizations. Customization of the data and visualizations were completed using the VB .Net 

programming language within the database as well as the free software, Advanced HMI 

(“AdvancedHMI,” 2018). 
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4.2.1.2 Interaction System Setup 

In the simulated system, a running switch was used to simulate the operation of the 

lighting. The system recorded the 1’s and 0’s (on/off) as this measurement was Boolean. 

Additionally, it recorded the amount of time that the lights were operating. Combining both 

measurements, the overall electrical energy usage for the lights were determined. 

For natural gas, most companies have a main natural gas meter. These meters display the 

total amount of gas flow, usually in MCF (thousands of cubic feet of natural gas) and operate 

using a 4 – 20 mA signal. All natural gas meters have a certain operating flow rate range that 

they operate. By setting an operating meter range proportionally to the 4 – 20 mA analog signal, 

this assigned specific current signals to appropriate gas flow values via the signal generator dial. 

For example, suppose a meter has a range from 0 MBTU/hr (thousands of British Thermal Units 

per hour) to 100 MBTU/hr and the signal generator produces 4 – 20 mA signal. If the meter 

reads 50 MBTU/hr, then this would correspond to a 12-mA signal. The signals can then be 

generated according to example meter readings. For the natural gas values, the simulated natural 

gas meter was calibrated to have a range from 0 to 100 MBTU/hr. 

Regarding water meters, these meters produce a pulse train representative of water flow 

rate as discussed earlier. As a meter will be calibrated to a certain k-factor (number of pulses per 

gallon), this assisted in calculating an instantaneous flow rate and total water volume. The time 

between pulses were used for calculating instantaneous flow rate while the total number of 

pulses were used to calculate the total water volume. The following equation gave the 

instantaneous flow rate in gallons per minute (GPM): 

𝐹𝐹𝐹𝐹 =
1
𝑘𝑘

 ∗  
1
𝑇𝑇𝐵𝐵

 ∗  
1000 𝑚𝑚𝑚𝑚
𝑚𝑚𝑠𝑠𝑠𝑠

 ∗  
60 𝑚𝑚𝑠𝑠𝑠𝑠
𝑚𝑚𝑚𝑚𝑚𝑚
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Where, 

FR  = Instantaneous flow rate (gallons/min) 

k = K-factor (pulses per gallon) 

TB = Time between pulses (milliseconds/pulse) 

 

The total water volume in gallons were calculated by using the following equation: 

𝑇𝑇𝑇𝑇 =
1
𝑘𝑘
∗ 𝑁𝑁   

Where, 

TV  = Total volume (gallons) 

k = K-factor (pulses per gallon) 

N = Number of pulses 

Both equations were used to calculate the instantaneous flow rate and the total water volume. 

The pulse generator was adjusted to 3 gallons/min to produce representative pulses during the 

simulation. 

4.2.2 Dashboard Design 

4.2.2.1 Dashboard KPI Measurements 

The dashboards were designed in such a way that they provided real-time visualizations 

of energy used by the following energy sources in some way: 

• Major electrical consumption equipment (Current transducer) 

• Lighting (Occupancy sensor) 

• HVAC (Natural gas meter) 

• Water (Water meter) 

Dashboards typically contain different KPIs for measuring and gauging the performance 

of a facility. In the proposed dashboards for a light commercial business, the following KPIs 

were utilized to some degree: 
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• Totalized usages with breakdown percentages of different energy sources 

• Alternating lights indicating on/off or pulsating 

• Maximum and minimum ranges 

These KPI measurements satisfy most of light commercial businesses as equipment is limited in 

nature. Furthermore, light commercial businesses will typically not have past energy data other 

than utility bills. Thus, it can be difficult to obtain benchmarking data from past energy usages as 

well as the correct ranges certain energy sources should be within. After introduction of an EV 

system over some time, the system can be upgraded for benchmarking and comparison of data 

from previous points in time. 

4.2.2.2 Design Factors 

From the literary review, many concepts and design factors that define a successful 

energy dashboard were identified (Table 4.1). Each factor was fairly based on an opinion, but 

there are distinctions. A dashboard was generally comprised of some combination of analytical 

and engaging rated on a 0-100% scale (e.g. 60% analytical, 40% engaging). 

Conversely, two other factors were on a separate scale that measures human feelings. 

These features were termed as interesting and trustworthy. These ratings were subjective and 

measured how interesting or peculiar a dashboard is compared to a dull dashboard. Additionally, 

trustworthiness ratings provided insight into how the user trusted the data that was presented. 

These factors were rated on a scale of 1 to 10. 
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The following factors were defined for use of rating the dashboards: 

• Analytical – use of detailed diagnostic visuals (e.g. detailed bar charts, enhanced line 
charts, etc.) 
 

• Engaging – visually pleasing visuals or graphics (use of preattentive attributes e.g. 
gauges, stoplights, etc.) 
 

• Interesting – measure of curiosity or attention to the user to desire to obtain further 
details 
 

• Trustworthy – measure of the user’s confidence in the data and believes in the accuracy 
of the data 

Table 4.1: Dashboard Design Factors 

Type Factor Rating 
Scale 

Combination Analytical 0-100% 
Engagement 0-100% 

Individual Interesting 0 – 10 
Trustworthy 0 - 10 

 

4.2.2.3 Dashboard Visualization Methods 

As discussed in the Energy Data Visualization Techniques section, there were several 

graphs, tables, and visuals that were at one’s disposal for energy dashboard design. Experts in the 

data visualization field agree that the ability to present information are not instinctive, but rather 

require that certain principles be learned (Few, 2013; Kirk, 2012; Knaflic, 2015). For the 

purposes of the experiment, certain visualizations were better than others for visualizing light 

commercial energy data. 

Simple bar charts, line graphs, and tables were used in the dashboards. These visuals 

provided primitive data from the signal generators without much altering. This allowed for a 

simple view of the data to understand the real time energy usage. Enhanced charts and graphs 

such as the stacked bar charts were also integrated. These enhanced visuals provided more 
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context and were more analytical than the simple graphing techniques. Additionally, gauges, pie 

charts, and easy-to-read visuals that utilize preattentive attributes were also used to display 

energy data efficiently. As a generally accepted data visualization principle, preattentive 

attributes should be used for quick visualizing without extra load on the working memory 

(Knaflic, 2015). 

4.2.2.4 Dashboard Development 

Utilizing these techniques, three main categorical dashboards were developed to capture 

and visualize all the energy data. These three dashboards were based on the features learned from 

the literary review including: preattentive attributes, the correct data visual tools, enhanced 

graphs/charts, dynamic display and other characteristics. Adhering to the concept of clarity and 

efficiency of interpretation, the dashboards were developed specifically for the light commercial 

industry. 

The three proposed dashboards are seen in Figure 4.3, Figure 4.4, and Figure 4.5, 

respectively. The dashboards were classified ranging from highly analytical to highly engaging. 

Design factors played a significant role in the dashboard development process. From the literary 

review and examining similar energy dashboards, each dashboard was rated using the design 

factors. The simple and enhanced line charts, bar graphs, and tables were considered analytical 

visuals as they provided analytical insight with details. As for the preattentive design factors 

including gauges, pie charts, alternating lights, etc., these were considered engaging attributes as 

they were more aesthetically pleasing and offered an overview of the energy situation rather than 

providing great details than the analytical visuals provided. 

Dashboard 1 (Figure 4.3) offered a simplistic view with line charts and bar graphs from 

the pulses/switch readings. These graphs simply plotted the current, natural gas flow, and pulses 
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from the energy sources, respectively. A table displayed the totalized energy usage values along 

with a categorical percentage of each energy source. Historical data could be viewed by clicking 

on the respective buttons for previous months’ data. This dashboard layout shows simple graphs 

and tables and are typically used with a simple HMI or visualization software. From the literary 

review, the dashboard is rated as 80% analytical and 20% engaging. 

Dashboard 2 (Figure 4.4) offered simple tables and line charts, but also included 

engaging visuals including a light indicator for lighting and a pie chart breakout for the totalized 

energy usages. The graphs and values provided context for electric, natural gas, and water energy 

usages, respectively. The pie chart gives context for the percentages of energy usage. In addition, 

the lighting is viewed using a stoplight to provide easy viewing with preattentive attributes to 

indicate if lights are on or off. This type of dashboard is easy to comprehend, but also allows for 

depth of analysis with historical data via the respective monthly data buttons. This is typically 

used in the “HMI Intranet Remote Access via VNC” and “Open Database-driven System” as 

discussed in Table 2.1. From the literary review, the dashboard is rated as 60% analytical and 

40% engaging. 

Dashboard 3 (Figure 4.5) presented the data in a more engaging manner with gauges, 

alternating stoplights, lights, and a pie chart. The gauges showed instantaneous percentage load 

values while the alternating lights displayed whether lights were on or if water was running. 

Energy usage values were presented along with a pie chart that shows the percentages of energy 

usage from the different sources. This type of dashboard is typically completed using complex, 

higher end cloud-based visualization software. From the literary review, the dashboard is rated as 

20% analytical and 80% engaging. 
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Figure 4.3: Dashboard 1 for Simulated Testing for Participants 

 

Figure 4.4: Dashboard 2 for Simulated Testing for Participants 
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Figure 4.5: Dashboard 3 for Simulated Testing for Participants 

 In addition, each dashboard seen above included three individual buttons for historical 

data. These included the electrical monthly usage and demand (Figure 4.6), natural gas monthly 

usages (Figure 4.7), and water monthly usages (Figure 4.8), respectively. To obtain monthly 

data, a user would click the specific button to read a graph displaying the monthly usages for the 

chosen energy source. After clicking a button, the respective monthly data would appear in a 

pop-up window.  
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Figure 4.6: Electric Monthly Usages and Demand from Dashboard 1 

 

Figure 4.7: Natural Gas Monthly Usages from Dashboard 1 
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Figure 4.8: Water Monthly Usages from Dashboard 1 

4.2.3 Dashboard Testing Procedure 

The Dashboard Testing Procedure overview can be seen in the flow diagram in Figure 

4.9. Regarding Figure 4.9, the three phases in blue were repeated for each of the three 

dashboards, per participant. A total of 25 participants were recruited for the testing. 

 

 
Phase 1 

 
Phase 2 

 
Phase 3 

 
Phase 4 

Participant 
Orientation 

 System 
and 

Dashboard 
Training 

 Simulation 
and Response 
Measurement 

 

NASA 
TLX 

 Post-
Testing 
Survey 

         
  Repeated for Three Dashboards   

 

Figure 4.9: Dashboard Testing Procedure Flow Diagram 
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4.2.3.1 Participant Orientation 

First, a script was read to the participants (Adapted from (Brown, 2002; Flowers, n.d.)): 

• To greet the participants 
 

• To explain the overall purpose of the study 
 

• To explain system functionality and different dashboards that were being 
evaluated 

 
• To ensure that the participants understood that they would be voice recorded for 

analysis in the experiment 
 

• To encourage the participants to think aloud so the researcher could understand 
their thought process 

After reading the script, the participants were asked to read and sign a consent form approved by 

the WVU Institutional Review Board (IRB) as seen in Appendix A. 

4.2.3.2 Phase 1: System and Dashboard Training 

For the first phase of the experiment, the participants had five minutes per dashboard to 

view, interact, and simulate the data to mimic as if a business were operating in real-time. Each 

major energy source column was shown to the participant to help with identification. Using the 

knobs and switches, the participants viewed how the dashboard changed as they simulated the 

data, the KPIs involved with the dashboard, and the different visuals that each dashboard offered. 

The participants were guided by the instructor as to how to turn each knob and how this affected 

the visuals on the dashboards. The data shown on the dashboard was only representative of the 

adjustments that the users inputted to the signal generators and occupancy lighting switch. This 

initial dashboard only contained one piece of electrical equipment, one natural gas meter, and 

one water meter. Other data was purged for this initial dashboard to ensure that the user 
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understood how the system worked and operated without being distracted from other visuals. 

Dashboard 3 is seen as an example in Figure 4.10: 

 

Figure 4.10: Phase 1 - Dashboard 3 Interaction for Participants 

4.2.3.3 Phase 2: Simulation and Response Measurement 

Next, analytical testing was completed on the dashboards. To measure the analytical 

capability of the dashboards, an “exploratory test” was conducted to examine the system during 

its early design phase (Flowers, n.d.; Jókai, 2009). Such type of testing is used when there are 

unidentified problem areas. Participants were placed in an office environment where energy data 

would typically be analyzed and reviewed. 

During this phase, the dashboards displayed energy consumption of 2 pieces of electrical 

equipment, 2 natural gas meters, and 1 water meter using simulated data. A series of questions 

were asked, and their response were voice recorded via a recording device: 

1. What percentage of the total energy usage is water? 
 

2. Identify the total electrical usage (kWh) for the month of April. 
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3. Are the lights currently on or off? 
 

4. How much natural gas has been consumed to date?  
 

5. What is the current energy content of water (Btu/hr)? 
 

6. Which month had the greatest electrical peak demand (kW)? 
 

7. Which natural gas meter had more consumption in June? 
 

8. Please continually read values of Meter 2 in % Load until I say stop. Ready? 
 

9. What is the current flow of water in gallons per minute (GPM)? 
 

10. Is water currently running? 
 

11. Identify which month has the largest peak in water usage. 
 

12. What is the energy content of natural gas (MBTU/hr) of meter 1 currently? 
 

13. What is the electric usage (kW) of Equipment 2 currently? 
 

14. Please continually read values of Equipment 1 in % Load until I say stop. Ready?  
 

The order in which the dashboards were presented, and the questions asked were 

randomized. The participants were asked to answer the questions as fast as they could, creating a 

time pressure. Participant responses were timed, and each response was marked as correct or 

incorrect. No interference or assistance was provided to the participant. If the participant was 

found having trouble determining an answer or reaches an impasse, then assistance was provided 

(Brown, 2002; Flowers, n.d.). 

4.2.3.4 Phase 3: NASA TLX 

 Subjective testing followed the analytical testing. The NASA Task Load Index (TLX) 

was used to measure subjective mental workloads including six different dimensions: mental, 
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physical, and temporal demand, performance, effort, and frustration levels as seen in Table 4.2 

(Cao, Chintamani, Pandya, & Ellis, 2009).  

Table 4.2: NASA TLX Rating Scale and Description (Cao et al., 2009) 

 

A computer-based computer program of NASA TLX was used for the experiment as seen 

in Figure 4.11. This method of testing was used due to its high degree of validity across various 

tasks (Sugarindra, Suryoputro, & Permana, 2017). 
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Figure 4.11: NASA TLX Scales 

Each participant was asked to rate each dimension on a 0 to 100 scale (least to most 

demanding). After the participants assigned a rating to each dimension, weights were determined 

based on a pairwise comparison between the different dimensions. Fifteen combinations of pairs 

were presented to the participant to choose based on the more prevalent workload as seen in 

Figure 4.12. A final weighted score using both the ratings and weights was calculated for an 

overall workload score. 
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Figure 4.12: NASA TLX Pairwise Comparisons 

4.2.3.5 Phase 4: Post-Testing Survey 

Finally, a survey of questions was given to the participants to evaluate the dashboard 

visuals, potential for different dashboards to be used in a light commercial business, and other 

pertinent questions. These are listed below: 

1. Which dashboard visuals (graph, gauges, etc.) provided the best information, in 
your opinion? 
 

2. How realistic is the dashboard to be used in a light commercial business? 
 
3. What is your preference between the Engaging Visuals (gauges, lights, 

alternating light water meter, etc.) versus the Analytical visuals (bar charts, line 
graphs, etc.) Pick one example or a combination of both. 
 

4. What did you enjoy about the energy visualization experience? 
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5. What would you add/change to the dashboard designs? 
 

6. Rank each dashboard. On a 0-100% scale, how analytical or engaging is the 
dashboard? (e.g. 60% analytical, 40% engaging). On a 0 – 10 scale, rank each 
dashboard by how interesting and trustworthy each were (0 is least, 10 is most) 

 
a. Dashboard 1 

i. Analytical     ______ 
ii. Engaging       ______ 

iii. Interesting     ______ 
iv. Trustworthy  ______ 

 
b. Dashboard 2 

i. Analytical     ______ 
ii. Engaging       ______ 

iii. Interesting     ______ 
iv. Trustworthy  ______ 

 
c. Dashboard 3 

i. Analytical     ______ 
ii. Engaging       ______ 

iii. Interesting     ______ 
iv. Trustworthy  ______ 

4.3 Energy Dashboard Installation Guide 

A program was developed to guide light commercial business owners through a step-by-

step process to assist in the purchasing and installation of energy monitoring equipment – given 

their operations and energy usage. The initial program screen can be seen in Figure 4.13. The 

program is available for download at: 

https://drive.google.com/file/d/1dFURrpuNvDxOpFG3hGMtSWtZPbPtAc44 
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Figure 4.13: Energy Dashboard Installation Guide Program 

First, the user is asked multiple questions regarding their current equipment usage. These 

include questions regarding major electrical equipment, natural gas meters, and water meters. Per 

the hardware installation options were explained in section 4.1.1 Hardware Research, this 

program ensures that the right installation choice will be made for the specific business. 

Furthermore, the program asks general questions to determine the capabilities of the proposed 

I/O module, an additional HMI or monitor, and if a dedicated brick PC is necessary. 

Based on the user’s inputs, this computer-based program delivers a detailed list of energy 

monitoring equipment and their costing. A custom detailed wiring diagram for installation of the 

equipment is also constructed. This wiring diagram allows for a general overview of how the 

current equipment and proposed equipment will be installed for use in the energy dashboard. 

Once a business owner has received the proposed equipment list and wiring diagram, 

they are able to easily develop their own low-cost energy dashboard to be used in their business. 

With the assistance of free energy dashboard software, such as AdvancedHMI, the business will 
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be able to monitor and visualize their energy data for their light commercial business 

(“AdvancedHMI,” 2018). 

4.4 Data Analysis 

Data analysis was performed using descriptive statistics and General Linear Analysis of 

Variance (ANVOA). Nine different data sets were evaluated in this study. 

4.4.1 Data Sets - Variables 

4.4.1.1 Design Factors 

The effect of Dashboard design options on the Analytical, Engaging, Interesting, and 

Trustworthy ratings was tested using one-way ANOVA. The independent variables, Dashboards, 

was treated at 3 fixed levels. The dependent variables were the Analytical, Engaging, Interesting, 

and Trustworthy ratings. The analytical vs engaging ratings and interesting and trustworthy 

ratings were also evaluated using descriptive and qualitative data analysis techniques. 

4.4.1.2 NASA TLX 

The effect of Dashboard design options on the NASA TLX scores and weights was tested 

using one-way ANOVA. The independent variable, Dashboards, was treated at 3 fixed levels. 

The dependent variables were the NASA TLX Overall Scores, Temporal Demand Weights, and 

Performance Weights. The participants were treated as the random variable. 

4.4.1.3 Button-Click Time 

The time data was split into two groups: Button-Click Times and On-Screen Times. 

Button-Click Times were recorded when a participant was asked a question related to the use of 

buttons on the dashboards. This group of questions required longer response times than the On-
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Screen Times. In the ANOVA analysis, three independent variables were considered: 

Dashboards (treated at 3 levels), Questions (treated at 4 levels), and FirstDash (treated at 3 

levels). The FirstDash variable was defined as if a dashboard was their first dashboard during 

testing (i.e. did the participant take longer answering questions on their first dashboard than the 

last dashboard). 

4.4.1.4 On-Screen Time 

On-Screen Times were recorded when a participant was asked a question regarding using 

the main screen of the dashboards (no button clicks). This group of questions had quicker 

response times than the Button-Click Times. In the ANOVA analysis, three independent 

variables were considered: Dashboard (treated at 3 levels), Questions (treated at 8 levels), and 

FirstDash (treated at 3 levels). 

4.4.2 ANOVA Testing 

Prior to applying ANOVA, the data set was tested for the assumptions of normality and 

equality of variances. Appropriate data transformations were applied to meet these assumptions. 

For the dependent variables that showed significant statistical effect of the independent variables, 

a post-hoc analysis was completed through using a Student t’s pairwise comparison and 95% 

confidence interval plots. The statistical analysis was performed using JMP and Minitab (JMP, 

2018; Minitab, 2018). 
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Chapter 5: Results 
5.1 Participant Demographics 

Twenty-five participants participated in the dashboard testing experiment. The 

demographics of the participants can be seen in Table 5.1 including number of males and 

females, mean and standard deviation of age, and if the participants’ academic background. 

Table 5.1: Participant Demographics 

Gender Count Age – Mean (SD) Background 
Engr. Not Engr. 

Male 18 24 (1.57) 13 5 
Female 7 25 (7.53) 4 3 
Total 25 - 17 8 

 

5.2 Dashboard Testing Results 

The raw experimental data including time, correctness, and NASA TLX scores are 

included in Appendix B. 

5.2.1 Design Factor Ratings 

5.2.1.1 Descriptive Statistics 

Regarding the analytical and engaging ratings from each experiment, the distributions are 

seen in Figure 5.1. Dashboard 1 was rated as the most analytical at 83% while Dashboard 3 was 

rated the most engaging at 73%. 
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Figure 5.1: Average Analytical vs. Engaging Ratings for Each Dashboard 

 The participants rated the dashboards on a scale from 0 – 10 (with 10 being the highest) 

regarding interesting and trustworthy. Dashboard 3 was rated the highest for interesting rating of 

8.4 and trustworthy rating of 8.1. Dashboard 1 was rated the lowest for interesting rating of 5.4 

and trustworthy rating of 6.6. The interesting rating for Dashboard 3 was 55.6% higher than 

Dashboard 1. The trustworthy rating for Dashboard 3 was 21.7% higher than Dashboard 1. The 

average interesting and trustworthy ratings are shown in Figure 5.2. 
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Figure 5.2: Average Interesting and Trustworthy Ratings. Error bars represent 95% confidence interval. 

5.2.1.2 ANOVA Statistics 

Statistical ANOVA testing was completed for the design factors including Analytical, 

Engaging, Interesting, and Trustworthy. The independent variable, “Dashboards” was tested at 3 

levels to determine if they had a significant effect on each of the dependent variables as seen in 

Table 5.2. 

Table 5.2: Mean (SD) of Design Factor Ratings for Dashboards 

  Dashboard 1 Dashboard 2 Dashboard 3 P-Value 
Analytical 82.6 (20.42) 63.4 (11.25) 27.2 (17.02) 0.0001  
Engaging 17.4 (20.42) 36.6 (11.25) 72.8 (17.02) 0.0001 
Interesting 5.4 (2.47) 6.8 (1.71) 8.4 (1.22) 0.0001 
Trustworthy 6.64 (3.08) 7.08 (2.06) 8.1 (1.32) 0.1553 

 

One-way ANOVAs were completed for each of the dependent variables vs. Dashboards. 

The Analytical ratings followed a normal distribution (Appendix C-1). In addition, normality of 

residuals and equality of variances tests were completed and confirmed (Appendix C-2). The 
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independent variable, “Dashboards” was significant with a p-value <0.001 (Appendix C-3). 

Using Student t’s pairwise comparisons, each dashboard was significantly different from one 

another (Appendix C-4). Furthermore, the interval plot in Figure 5.3 shows that the means are 

significantly different for each dashboard regarding Analytical ratings. From Dashboard 1 to 

Dashboard 3, the analytical ratings decline. 

 

Figure 5.3: Interval Plot of Analytical Ratings vs. Dashboards 

The Engaging ratings followed a normal distribution (Appendix C-5). In addition, 

normality of residuals and equality of variances tests were completed and confirmed (Appendix 

C-6). The independent variable, “Dashboards” was significant with a p-value <0.001 (Appendix 

C-7). Using Student t’s pairwise comparisons, each dashboard was significantly different from 

one another (Appendix C-8). Furthermore, the interval plot in Figure 5.4 shows that the means 

are significantly different for each dashboard regarding Engaging ratings. From Dashboard 1 to 

Dashboard 3, the engaging ratings increase. 
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Figure 5.4: Interval Plot of Engaging Ratings vs. Dashboards 

The Interesting rating data was used to determine as to which distribution fit best, but 

none of the distributions was good fit (Appendix C-9). In order to combat this, the Box-Cox 

method was used. It was determined that the best λ = 1.561 and the data was transformed using 

the following formula: 𝑦𝑦 = 𝐼𝐼𝑚𝑚𝐼𝐼𝑠𝑠𝐼𝐼𝑠𝑠𝑚𝑚𝐼𝐼𝑚𝑚𝑚𝑚𝐼𝐼(1.561) (Appendix C-9). Once transformed, the check for 

the normality of the residuals and the equality of variances was completed and confirmed 

(Appendix C-10). The effect of independent variable, “Dashboards” on the transformed 

Interesting ratings was found to be significant (p-value of <0.001) (Appendix C-11). Using 

Student t’s pairwise comparisons, it was determined that each dashboard is significantly different 

from one another (Appendix C-12). Furthermore, the interval plot in Figure 5.5 shows that the 

means are significantly different for each dashboard regarding Interesting ratings. From 

Dashboard 1 to Dashboard 3, the interesting ratings increase. 
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Figure 5.5: Interval Plot of Interesting Ratings vs. Dashboards 

The Trustworthy rating data was used to determine as to which distribution fit best, but 

none of the distributions was good fit (Appendix C-13). In order to combat this, the Box-Cox 

method was used. It was determined that the best λ = 1.759 and the data was transformed using 

the following formula: 𝑦𝑦 = 𝑇𝑇𝐼𝐼𝑇𝑇𝑚𝑚𝐼𝐼𝑇𝑇𝑇𝑇𝐼𝐼𝐼𝐼ℎ𝑦𝑦(1.759) (Appendix C-13). Once transformed, the check 

for the normality of the residuals and the equality of variances was completed and confirmed 

(Appendix C-14). The effect of independent variable, “Dashboards” on the transformed 

Trustworthy ratings was found to be insignificant (p-value of 0.1553) (Appendix C-15). 

Furthermore, the interval plot in Figure 5.6 shows that the means are not significantly different 

for each dashboard regarding Interesting ratings. From Dashboard 1 to Dashboard 3, the 

trustworthy ratings generally increase, but with major overlap in the 95% confidence intervals. 
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Figure 5.6: Interval Plot of Trustworthy Ratings vs. Dashboards 

 

5.2.2 NASA TLX Results 

The independent variable, “Dashboards,” was tested at 3 levels to determine if it had a 

significant effect on the dependent variables listed in Table 5.3. 

Table 5.3: Mean (SD) of NASA TLX Values for Dashboards 

  Dashboard 1 Dashboard 2 Dashboard 3 P-Value 
NASA TLX Overall Scores 39.07 (18.19) 32.99 (17.01) 27.86 (17.63) 0.0665 
Temporal Demand Weights 12.44 (8.37) 10.26 (7.51) 9.67 (8.83) 0.2988 
Performance Weights 4.62 (3.72) 4.59 (3.27) 3.82 (2.42) 0.7691 

 

5.2.2.1 NASA TLX Overall Scores 

 Figure 5.7 represents the average overall NASA TLX mental workload scores. 

Dashboard 3 had the lowest average score of 26.7 while Dashboard 1 had the highest score of 

39.1. Dashboard 1’s overall NASA TLX score is 46.1% higher than Dashboard 3’s score. 
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Figure 5.7: Average NASA TLX Scores for Each Dashboard. Error bars represent 95% confidence interval. 

Statistical ANOVA testing was completed for the NASA TLX Overall Scores based on 

the independent variable “Dashboards.” First, the data was analyzed to determine which 

distribution closely fit the data. The SHASH (sinh-arcsinh) distribution, which is a form of 

transformation based on the normal distribution, demonstrated a good fit (Appendix D-1) and 

therefore, was used to transform the data (JMP, 2018; Jones & Pewsey, 2009). Next, the 

normality of the residuals was checked. As the residuals followed a normal distribution and the 

values fit inside the Normal Quantile Plot, it was determined that the residuals do follow the 

normal distribution (Appendix D-2). The equality of variance was also checked to be true 

(Appendix D-2). 

Then, an ANOVA was completed with the independent variable, “Dashboards”, along 

with the SHASH transformed y-values. With “Dashboards” receiving a p-value of 0.0665, it was 

found that the dashboards were not significant regarding the overall NASA TLX Scores. 
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5.2.2.2 NASA TLX Mental Workload Scores 

Based on the NASA TLX workload weights, Performance and Temporal Demand 

dimensions were found to be the most demanding dimensions independent of the dashboard used 

(Figure 5.8). Dashboard 1’s Performance and Temporal Demand dimensions were both weighted 

at 12.4 while Dashboard 3’s Performance and Temporal Demand dimensions were both 

weighted at 9.3. Dashboard 1’s average workload dimensional weights were 34% higher than 

that of Dashboard 3’s weights. Dashboard 2’s Temporal Demand and Performance dimensions 

were both weighted at 10.3. 

 

Figure 5.8: Average NASA TLX Weights. Error bars represent 95% confidence interval. 

Since Temporal Demand and Performance received the highest weights, these variables 

were further analyzed using ANOVA. The Temporal Demand data was transformed using the 

SHASH distributions similar to the overall NASA TLX Scores (Appendix D-4). After 

transforming the data, the normality of the residuals and the equality of variances test were 

performed, and the assumptions were found to be true (Appendix D-5). The effect of the 
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independent variable, “Dashboards” on the transformed Temporal Demand weight y-values was 

found to be insignificant (p-value of 0.2988) (Appendix D-6). 

Similar analysis was performed for the Performance weights. Unfortunately, none of the 

distributions fit as well for the Performance y-values (Appendix D-7). In order to combat this, 

the Box-Cox method was used. It was determined that the best λ = 0.471 and the data was 

transformed using the following formula: 𝑦𝑦 = 𝑃𝑃𝑠𝑠𝐼𝐼𝑃𝑃𝑇𝑇𝐼𝐼𝑚𝑚𝑃𝑃𝑚𝑚𝑠𝑠𝑠𝑠(0.471) (Appendix D-7). 

Once transformed, the check for the normality of the residuals and the equality of 

variances was completed and confirmed (Appendix D-8). The effect of independent variable, 

“Dashboards” on the transformed Performance weight y-values was found to be insignificant (p-

value of 0.7691) (Appendix D-9). 

5.2.3 Correctness Results 

Correct and incorrect answers were marked for each question that was asked to the 

participants. Most participants answered all questions correctly with some exceptions. There 

were no major identifiers for questions that were repeatedly given the wrong answer – except 

one. Regarding correctness, 8/25 people gave incorrect answers for Question 7 on Dashboard 2. 

This question asked, “Which natural gas meter had more consumption in February?” As seen in 

Figure 5.9 for the February column, Meter 1 was the correct answer, but some participants felt 

that due to the orange bars (Meter 2) being on top of the blue bars, Meter 2 had more 

consumption. Thus, they chose Meter 2, but this was incorrect. 
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Figure 5.9: Natural Gas Monthly Usages – Dashboard 2 

5.2.4 Time Results 

The participants were timed from the time the question was finished being asked to the 

time that they gave an answer. All times were recorded as seen in Appendix B-1. The average 

time to answer all questions is seen in Figure 5.10.  

 
Figure 5.10: Average Time to Answer All Questions Per Dashboard. Error bars represent 95% confidence 

interval. 
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5.2.4.1 Time Results for Button Clicking Questions 

The Button-Click Time data was used to determine which distribution fit to the data best. 

However, even the “best” distribution did not fit the data well (Appendix E-1). The Box-Cox 

method had to be utilized again for the best transformation to the normal distribution. The Box-

Cox method gave a λ value of -0.133 (Appendix E-1). Further analysis allowed for the Time 

response variable for transformation to the following: 𝑦𝑦 = 1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠(−0.133)�  (Appendix E-1) 

(Montgomery, 2013). After transforming the data, normality of the residuals and equality of 

variances tests were completed and confirmed (Appendix E-2). 

The variables Question, FirstDash, and Dashboards*FirstDash (interaction) were 

significant with p-values of <0.001 (Appendix E-3). Regarding the main effect, the significance 

can be seen in Table 5.4 with Questions and FirstDash both being statistically significant.  

Table 5.4: Button-Click Time and the Effects of Dashboards, Questions, and FirstDash 

Source Mean (SD) P-value 
Dashboard   

0.0717 
   Dashboard 1 4.81 (2.55) 
   Dashboard 2 4.97 (2.83) 
   Dashboard 3 4.27 (2.12) 
Questions   

0.0001 
   Q2 6.28 (2.70) 
   Q6 4.21 (2.29) 
   Q7 4.98 (2.29) 
   Q11 3.27 (1.76) 
FirstDash   

0.0001 
   1 4.21 (2.37) 
   2 5.36 (2.64) 
   3 4.49 (2.28) 

 

As the independent variables Questions, FirstDash, and Dashboards*FirstDash 

(interaction) were significant with p-values of <0.001, Student t’s pairwise comparisons were 
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completed. However, only the main effects were compared. From the analysis, all questions were 

significantly different from one another (Appendix E-4). FirstDash 1 and 2 and FirstDash 2 and 3 

were significantly different from one another (Appendix E-4). Furthermore, interval plots were 

developed for the Questions variable (Figure 5.11) and Dashboards*FirstDash interaction 

(Figure 5.12) to assist in explaining the differences in means. For the Dashboards*FirstDash 

interaction, Figure 5.12 shows the means of each time, for each dashboard, and with which 

dashboard the participant began answering questions. 

 

Figure 5.11: Interval Plot for Button-Click Time vs Questions 
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Figure 5.12: Interval Plot for Button-Click Time vs Dashboards*FirstDash 

5.2.4.2 Time Results for On-Screen Questions 

The On-Screen Time data was used to check for various distributions that could fit best. 

The Box-Cox method was finally used for the data transformation. The λ value was determined 

as λ = -0.836. Further analysis allowed for the Time response variable for transformation to the 

following: 𝑦𝑦 = 1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠(−0.836)�  (Appendix E-5). After the transformation, normality of residuals 

and equal variances tests were completed and confirmed (Appendix E-6). 

The variables of Questions, Dashboards*Questions, Dashboards*FirstDash, and 

Dashboards*Questions*FirstDash were all significant with p-values of <0.001 (Appendix E-7). 

Furthermore, Dashboards and Questions were both significant with p-values of 0.0477 and 

0.0459, respectively. Regarding the main effects, Dashboards, Questions, and FirstDash were all 

significant factors. However, the above interactions were all significant as well. 

  



P a g e  | 68 

Table 5.5: On-Screen Time and the Effects of Dashboards, Questions, and FirstDash 

Source Mean (SD) P-value 
Dashboard   

0.0477 
   Dashboard 1 2.51 (2.10) 
   Dashboard 2 2.38 (2.82) 
   Dashboard 3 2.18 (2.29) 
Questions   

0.0001 

   Q1 3.74 (2.42) 
   Q3 1.65 (1.36) 
   Q4 4.97 (3.79) 
   Q5 2.29 (2.53) 
   Q9 1.85 (1.86) 
   Q10 1.48 (0.83) 
   Q12 1.32 (0.81) 
   Q13 1.61 (1.12) 
FirstDash   

0.0459 
   1 2.17 (2.28) 
   2 2.59 (2.70) 
   3 2.31 (2.27) 

 

Furthermore, by comparing the means completing Student t’s pairwise comparisons, 

Dashboard 1 and Dashboard 3 were significantly different (Appendix E-8). For questions, 

several questions were different from one another as seen in Appendix E-8. Finally, FirstDash 1 

was significantly different from FirstDash 2 (Appendix E-8).  

Furthermore, the two significant interactions of Dashboards*Questions and 

Dashboards*FirstDash were further analyzed using interval plots as seen in Figure 5.13 and 

Figure 5.14, respectively. The three-factor interaction was not considered feasible for the interval 

plots. In Figure 5.13 for each question, a mean time is given for each dashboard for comparison. 

In Figure 5.14 for each starting dashboard, a mean time is given for each dashboard for 

comparison. 
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Figure 5.13: Interval Plot for On-Screen Times vs Dashboards*Questions 

 

Figure 5.14: Interval Plot for On-Screen Times vs Dashboards*FirstDash 
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5.3 General Comments 

During the final survey, various questions were asked (as seen in the Dashboard Testing 

Procedure section), and comments were captured from the 25 participants (Appendix E). The 

open discussion structure of the questions allowed for the participants to answer freely and give 

criticisms based on their experience. From the comments, the participants were asked to choose 

the “best” dashboard for light commercial businesses: 

• 16/25 = 64% of participants said that Dashboard 3 was the best 

• 4/25 = 16% participants said that Dashboard 2 was the best 

• 1/25 = 4% of the participants said that Dashboard 1 was the best 

• 4/25 = 16% of the participants said that a combination of Dashboards was the best option 

General critiques and comments were summarized into the following: 

• Create color differentiation between energy sources 

• Use a bigger monitor or display of images 

• Speed of data changing (polling rate) was too fast 

• Ensure that increments in charts are in 5s or 10s to make it easier 

• All 25 participants could see the dashboard concept being utilized for a light commercial 

business. 

5.4 Results Summary 

To summarize the results presented in the previous sections, the main findings are 

presented in the following sections. 
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5.4.1 Design Factor Results 

• Dashboard 1 was rated the most analytical with an average rating of 83% analytical and 

17% engaging 

• Dashboard 3 was rated the most engaging with an average rating of 73% and 27% 

analytical. 

• Dashboard 3 was rated as the highest in both Interesting and Trustworthy categories. 

• Dashboard 1 was rated as the least in both categories. 

• Through statistical analysis, Dashboards had a significant effect on Analytical, Engaging, 

and Interesting ratings, but not Trustworthy ratings. 

• All dashboards were significantly different from one another 

5.4.2 NASA TLX Results 

• Dashboard 3 had the lowest average overall NASA TLX score of 26.7 while Dashboard 1 

had the highest average overall NASA TLX score of 39.1. 

• Through statistical analysis, Dashboards did not have a significant effect on the overall 

NASA TLX Overall Scores and individual factor weights. 

5.4.3 Correctness and Time Results 

5.4.3.1 Correctness Results 

• 8/25 = 32% of participants answered Question 7 on Dashboard 2 incorrectly by viewing a 

stacked bar chart. 
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5.4.3.2 Time Results 

• For the button-clicking questions, Questions, FirstDash, and Dashboard*FirstDash were 

all significant on the time to answer the questions. 

• For the button-clicking questions, all questions were significantly different from one 

another. FirstDash 1 was significantly different from 2. FirstDash 2 was significantly 

different from 3. 

• For the main screen questions, Dashboards, Questions, Dashboards*Questions, 

FirstDash, Dashboards*FirstDash, and Dashboards*Questions*FirstDash were all 

significant on the time to answer the questions. 

• For the main screen questions, Dashboard 1 was significantly different than Dashboard 3 

regarding time to answer the questions. Various questions were different from one 

another. FirstDash 1 was significantly different from 2. 

5.5 Energy Dashboard Installation Guide Program Results 

The Energy Dashboard Installation Guide Program is used to guide light commercial 

business owners through a series of questions to allow the program to determine the best energy 

monitoring and visualization system for their facility. A hypothetical scenario was developed 

involving a retail location to showcase the performance of this program. 

It was assumed that the retail location had a natural gas meter through the utility 

company (not their own), but the owner did not know if the meter had 4-20mA outputs. There 

was a water meter installed on the main water line for the business, but it had an analog dial 

showing the water consumption. Further, it was assumed that the retail location had the 

following energy consuming equipment: 
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Electric 

• Electrical HVAC 
• Hot Water Electrical Heating 
• 3 Major Areas of Light 

Natural Gas 

• Natural Gas Furnace 

Water 

• Analog Dial Water Meter 
 

As a first step, the facility would use the program to input their equipment as seen in Figure 5.15.  

 

Figure 5.15: Energy Dashboard Installation Guide Program – Electrical Equipment Selection 

The facility owner would then be continued to the second step of “General Questions” related to 

the use of current PC or purchase of a new PC. An example of the questions asked is seen in 

Figure 5.16. 
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Figure 5.16: Energy Dashboard Installation Guide – General Questions Asked 

After the business owner answered all necessary questions, the program output provides 

an equipment list, costing, and a wiring diagram as seen in Figure 5.17 and Figure 5.18.  

 

Figure 5.17: Energy Dashboard Installation Guide Program – Equipment List and Costing 
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Figure 5.18: Energy Dashboard Installation Guide Program – Custom Wiring Diagram 

 

The Sixnet I/O module was chosen for the facility since the business owner wanted the 

option to expand to additional equipment. The Sixnet I/O had many inputs and outputs as 

opposed to a less expensive I/O module. A photoeye was used for the water meter to capture the 

movement on the analog dial. The airflow sensor and thermocouple wires were used for the 

natural gas furnace since the natural gas meter cannot be accessed. Current transducers were 

used for the electrical HVAC system and Hot Water Electrical Heating. Finally, the three major 

areas of lighting were captured using the occupancy sensors.  
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Chapter 6: Discussion 
6.1 Discussion 

The purpose of this study was to determine if the proposed Open Database-driven energy 

visualization system provided a reasonable avenue for data capturing and visualization in the 

light commercial sector. Through conducting analytical usability testing and subjective testing 

with NASA TLX, many findings have been determined. Regarding energy dashboard design, 

mental workloads, and usability of the energy dashboards, all were explored with this research. 

6.1.1 Dashboard 3 and Design Factors 

Dashboard 3 was rated as the most interesting and trustworthy. Dashboard 3 was also 

rated as the highest engaging dashboard. With the use of engaging visuals such as the gauges, 

alternating light meters, and flashing colors, the interesting ratings were the highest in 

comparison to the simple bar charts and tables. This agrees with Salmon’s research regarding 

interesting and trustworthy ratings for an energy dashboard (Salmon et al., 2016).  

Expanding upon the research, analytical, engaging, interesting, and trustworthy ratings 

were introduced with this study. Comparing Figure 5.4, Figure 5.5, and Figure 5.6, as the 

dashboards became more engaging, generally, the interesting and trustworthy ratings also 

increased. With Dashboard 3 as the highest engaging dashboard, this dashboard also received the 

highest interesting and trustworthy ratings. When new engaging visuals were introduced (away 

from simple bar charts and tables), these created a sense of interesting and probe for further 

investigation. However, with some participants, this created a lack of trustworthiness. This lack 

of trustworthiness could be a reason as to why the dashboards were not found to be significant on 

the trustworthy ratings. Some participants felt that they were not able to trust the data because of 

the newer visuals. Perhaps this was due to the participant being unfamiliar with the visuals since 
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many people are conditioned to reading bar charts and tables. Ultimately, if the engaging visuals 

are utilized in a manner that enhances the ability of the user to read data quickly and efficiently 

(preattentive attributes) and becomes trustworthy, then such visuals will be more powerful for 

energy dashboards than the traditional visuals of bar charts and tables.  

Furthermore, Dashboard 3 was the favorite among the participants. With the analytical 

and subjective testing, Dashboard 3 also produced the quickest answering times and the least 

mental workload. Since Dashboard 3 was designed to have the most engaging visuals, this again 

agrees with Salmon’s research (Salmon et al., 2016). Dashboard 3 also adhered to the concept of 

preattentive attributes with flashing lights, changes in color and size, and easy readings. This 

agrees with Knaflic’s and Few’s research regarding how preattentive attributes can be quite 

successful in reducing one’s mental workload and overall time of perception (Few, 2013; 

Knaflic, 2015). In addition, the flashing light meters and color changes also allowed for 

immediate identification of change. Agreeing with Leher’s research, energy dashboards can be 

used to spot trends, anomalies, and changes in data (Lehrer et al., 2010). 

Statistically, Dashboard 1 and 3 were proven to be significantly different from each other 

regarding the time to answer questions. As the designs of Dashboard 1 and 3 were quite different 

regarding analytical vs engaging characteristics, this provides additional support for the claim 

that engaging and preattentive attributes can be heavily beneficial when designing an energy 

dashboard. 

Thus, Dashboard 3 provided an all-in-one collective screen that displayed a lot of 

informative and valuable data in one location. The use of engaging visuals (Salmon et al., 2016) , 

explanatory analysis (Knaflic, 2015), and overall dashboard concepts (Few, 2013) allowed for 



P a g e  | 78 

this Dashboard to be the most efficient and effective in providing a better energy dashboard 

visualization experience for the participants. 

6.1.2 Overall Dashboard Findings 

6.1.2.1 Enhanced Visuals 

Enhanced visuals such as load duration curve, stacked bar charts, and double y-axes 

charts were found to be highly successful in research (Energy Efficiency & Demand 

Management & AEE Northern Ohio Chapter, 2014; Kirk, 2012). However, 32% of participants 

incorrectly answered a question regarding the stacked bar chart for natural gas usage. It was 

determined that participants had trouble understanding the totality of the overall usage instead of 

breaking down the overall bar in sections as shown in Figure 5.9. As this was one example of the 

many possible enhanced visuals, one cannot state that all visuals, including the stacked bar chart, 

should not be used. Instead, proper understanding and training of the visual may be required 

when using the visual in energy dashboards. As these enhanced visuals may not be immediately 

intuitive, training may be required for participants to fully understand how to read the visuals. 

Other enhanced visuals could have been tested within the dashboards to determine if they 

required extra training as well. 

6.1.2.2 Effect of Dashboards on NASA TLX Scores 

Regarding NASA TLX scores, the dashboards did not have a statistically significant 

effect. Though statistically the dashboards did not have an effect, it was interesting to note that 

the average NASA TLX Overall Scores, Temporal Demand Weights, and Performance Weights 

all generally declined as the dashboards became more and more engaging. 

NASA TLX may have not been the best tool to be used for the study to measure mental 

workloads. NASA TLX prompts the user to input ratings (0-100) for each of the six workload 
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dimensions and select the more prevalent dimension in 15 pairwise comparisons. This process 

can become time consuming if being repeated with the same participant. During the study, it was 

found that participants had carefully selected the options in NASA TLX for the first dashboard. 

However, when the final dashboard was tested, the participants quickly selected the options. It 

seemed that the NASA TLX procedure was redundant for the participants. It was noted that the 

pairwise comparisons were not generally necessary due to the dashboard testing process was 

relatively the same for each dashboard. The only true varying values were that of the six 

workload dimension ratings. NASA TLX could have presented too many options to the user or 

was too time consuming and redundant. It is also possible that the dashboards did not provide 

enough of a mental workload to show significance. 

Moreover, the dashboards and included visuals may have influenced their mental 

workload. As working memory is heavily used when viewing an energy dashboard, this research 

supports that claim (Few, 2013; Knaflic, 2015). Using preattentive attributes and engaging 

visuals will assist in relieving the mental workloads from the participants when an energy 

dashboard is viewed. 

6.1.2.3 Learning Curves 

The variable, FirstDash and interaction of Dashboards*FirstDash, were both found to 

have a high significance in the time to answer the questions in the experiment. FirstDash was 

used to determine if there was a learning curve involved during the experiment. As time 

progressed and the participants continued using each dashboard consecutively, they began to 

learn where information was located, how to read visuals quickly, and ultimately answer the 

questions quickly. As the participants were only able to view the partial dashboards for five 

minutes each, this created difficulty for the participant as they were not able to fully examine the 
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dashboard before being questioned. As this was done purposely to determine how quickly a 

dashboard could be learned, this created interesting findings.  

For the Button-Click Times in Figure 5.12 and On-Screen Times in Figure 5.14, the 

means were higher in each FirstDash category for the dashboards that the participants began 

with. For example, regarding Figure 5.12, participants that began with Dashboard 1 had longer 

response times with Dashboard 1 than the other dashboards. Thus, a learning curve was involved 

as the participants improved their response times in the consecutive dashboards. This is true for 

each of the FirstDash categories. Furthermore, in both Time groups, participants that began with 

Dashboard 2 had a longer or “steeper” learning curve due to the means of the entire FirstDash 2 

category being higher than the other FirstDash categories. 

For Button-Click Times in Table 5.4 and On-Screen Times in Table 5.5, the participants 

who began with Dashboard 1 (FirstDash 1) had lower average answering times than the 

participants who started with Dashboard 2 or 3. Though the average is lower for FirstDash 1, 

Figure 5.12 and Figure 5.14 provide additional context to show that the dashboard is not only a 

main factor, but also with which dashboard the participant began testing. After the participant’s 

initial dashboard, the times significantly improved for each consecutive dashboard. 

These findings may have been due to the participants being conditioned to read line 

charts, bar graphs, and other typical analytical visuals for most of their time in education and 

post-education careers. The engaging visuals may have not been as trivial, initially. As 

Dashboard 2 consisted of both analytical and engaging visuals, this may have been an obstacle 

for participants, initially. After completing the initial dashboard testing, participants improved 

significantly in the consecutive dashboards to follow. Further training and practice with the 

engaging visuals may have showed a faster improvement in the time of answering questions. 
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This research has showed that though a dashboard can be quickly learned, training is 

recommended on the dashboard to learn its full capabilities and to be able to locate all 

information quickly. 

6.1.2.4 Questions and Dashboards 

Statistical analysis had showed that both the questions asked, and the interaction between 

the questions and dashboards were significant on the time to answer the questions. In Figure 

5.11, for Button-Click Times, the average time to answer was sporadic for each of the questions 

as the means were at different value ranges. In Figure 5.13 for On-Screen Times, additional 

context was given to compare each dashboard for a specific question. Dashboard 3 generally had 

the tightest intervals per question and had the lowest mean for 50% of the questions for On-

Screen Times. 

As time is of the essence, dashboards should be able to have clear and concise visuals, 

obtain information quickly and easily, and answer any combination of questions that may arise 

for a facility. The dashboards should be able to immediately provide the answer to general and 

typical questions that a facility may have on a day-to-day basis. However, it should also provide 

the means to answer questions requiring more in-depth analyses whether in its own platform or 

with other analysis tools. Combining both quick information readings with in-depth analyses 

delivers a powerful dashboard that can light commercial business owners can use to manage their 

energy usages. 

6.1.3 General Comments 

Overall general comments were captured using a final survey at the end of each 

experiment. Based on section 5.2 General Comments, different findings were determined. All 

participants could realistically see the EV dashboard concept being utilized for a light 



P a g e  | 82 

commercial business. As this energy visualization concept is relatively low-cost (< $1,000) and 

is easily able to be implemented, the study shows that the proposed Open Database-driven 

energy visualization system provided a reasonable avenue for data capturing and visualization in 

the light commercial sector. 

As the dashboards were on a black background with white fonts, participants had asked 

that there would be a color differentiation between the different energy sources to assist in 

distinguishing the different energy sources. This corresponds to the preattentive attribute of color 

that Knaflic and Few identified as crucial to energy dashboards (Few, 2013; Knaflic, 2015). 

Participants also asked that the visuals and display monitor would be larger. However, the laptop 

was a traditional 16” screen that would be typically used by light commercial business owners. 

To ensure that the dashboards included all necessary data and visuals, all visuals had to be of the 

same size. Some of these detailed visuals may have required enlarging. 

It was noted that the speed of the data being changed (also known as polling rate) was too 

fast at 1.5 seconds. Participants had asked that the speed would be longer to allow for further 

analysis and processing. However, this polling rate was selected to create a sense of time 

pressure and quick changing visuals for the participants to generate a mental workload. Another 

comment was to ensure that the line charts were all in 5s and/or 10s increments to ensure that the 

data was easy to read. The electric line charts on Dashboards 1 and 2 were purposely formatted 

to have odd increments to generate a mental workload. By incorporating both measures, the 

NASA TLX scores could be better differentiated between one another as opposed to having little 

differences between the dashboards. 
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6.2 Limitations 

There were limitations involved with the experiments. First, the learning curve from 

dashboard to dashboard was significant as seen in the previous section. Due to this, times were 

longer for the first dashboard the participants had utilized and the times were shorter by their 

final dashboard. This presented some outliers and skewness in the data. These outliers were 

removed, and that data was later transformed to conform to a normal distribution. Some of the 

outliers could have been avoided if the participant had been previously trained on the dashboard. 

However, this would sacrifice the understanding of how quickly a dashboard could be learned 

under a time constraint. 

With further training and explanations during the first phase of the initial dashboard, the 

results may have improved and provided a stronger model. Ensuring that the participants fully 

understood every aspect of the dashboard would have guaranteed that there were no 

misconceptions about the information or location of the data. Again, however, this would 

sacrifice the understanding of how quickly a participant could learn a dashboard under a time 

constraint. 

Further limitations include small distractions and noises. As the experiments took place 

in the same room, in a controlled office environment, there were small noises and distractions 

from adjoining rooms that could have influence on the results. As light commercial business 

owners will typically not be viewing the energy dashboards in a completely silent setting, this 

limitation may not be as significant. 

Regarding the general comments, differentiation between energy sources could have 

promoted for faster recognition of information location on the dashboard which would have 
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affected the overall time to answer questions. Furthermore, larger visuals or a larger display 

monitor could have allowed for easier recognition and a faster response time from the 

participants. As for the polling rate and line chart increments, these were purposely designed to 

generate a mental workload on the participants. For odd line chart increments, this was only used 

on the electric line charts, but not on the natural gas line charts. Questions were asked on both 

line charts for both dashboards. However, this still could have influenced the participants to 

believe that Dashboard 1 or 2 was more difficult than 3 due to the odd increments as this could 

affect their NASA TLX score. 

6.3 Conclusions 

Throughout this research and study, many new developments and findings have emerged. 

First, a framework for an energy monitoring system for light commercial businesses was 

developed. There was no previous research or blueprints explaining how to obtain various data 

points from energy consuming equipment within the light commercial sector. This was 

completed thorough research of existing technologies and current products on the market for 

various sectors. Integrating this data with newly-designed real-time energy dashboards provided 

a new low-cost and feasible option for light commercial business owners. Dashboard testing and 

validation was performed utilizing analytical and subjective testing methods to test the usability 

and mental workload of the dashboards through using participants such as energy engineers and 

managers, and other typical dashboard users. A program was also developed and published to 

guide business owners through purchasing of specific energy monitoring equipment for their 

facility that included an equipment list, costing, and a wiring diagram – specific to their facility. 

From an ergonomics perspective, no research has been completed on the usability or 

mental workloads associated with energy dashboards and energy visualization (EV) systems. 
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Testing three levels of a combination of analytical and engaging dashboards through analytical 

usability testing and subjective testing with NASA TLX provided a foundation for future testing 

on applicable energy dashboards. 

It was concluded that the overall design of energy dashboards is crucial to the success of 

business owners managing their energy usage. Moreover, training and understanding of the 

energy dashboards allow for questions that a business owner may have to be answered efficiently 

and accurately. Ensuring that energy dashboards are easy to view, minimize working memory, 

provide valuable and informative information, and provide means for in-depth analysis will 

ultimately assist light commercial business owners in their energy managing endeavors. 

From this research, light commercial business owners are now able to build and develop 

their own EV systems and dashboards to monitor their energy usages. The proposed systems 

proposed provide light commercial business owners with a flexible, safe, economic, and easy-to-

install energy dashboard system. Furthermore, the research exposes a niche that was not studied 

before. Now, further research and studies can be completed to assist the light commercial sector 

to help small businesses manage their energy usages; which was not available before due to other 

restrictions. 

6.4 Future Outlook 

As energy consciousness and energy usages are both increasing, more research must be 

completed on energy visualization systems. Energy visualization is improving and becoming 

more accessible from the industrial plants to even residential homes. One cannot manage the 

energy that one does not measure. Thus, energy visualization is essential to managing energy 
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consumption in any sector. Continual research efforts should be completed to develop new 

technologies, new dashboard systems, and new energy solutions. 

As an overall endeavor to promote energy efficiency, incentives and rebates could be 

introduced in the energy dashboards. Electrical companies provide rebates to light commercial 

businesses based on energy usage reduction or other metrics. Inclusion of incentives and rebate 

information in the energy dashboards would benefit society with energy consciousness and 

efficiency. 

Another concept would be that of a “point system” or “achievement system.” Such 

systems would allow users to gain “points” or “achievements” for completing certain energy 

saving activities. Users would then be able to directly apply these points as rebates or other 

incentives with utility companies or other partnered entities. Thus, the dashboard users are 

incentivized to use the energy dashboards for their facility as it is a great initiative to both the 

user and the utility companies involved. 

Regarding further enhancements to the dashboards, including internal intelligence to 

combat “error propagation” would be a great addition. Error propagation consists of equipment 

giving false or skewed data that contains errors that is then translated to the final calculated value 

on the dashboard. To avoid this, internal intelligence could be incorporated into the dashboards 

that validates the data continuously as it is recorded. For example, the data could be cross-

checked against a historical average, between maximum and minimum ranges, or other metrics. 

If the dashboard detected that there were errors in the data, then an error message or alert could 

be issued directly to the user via the dashboard or via e-mail or SMS text message. 
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Regarding light commercial businesses, they have typically been ignored as simply small 

businesses with little energy consumption. However, due to their large presence in our economy 

with small commercial buildings consisting of over 90% of all buildings in the United States, 

these small businesses actually consume a large portion of the United States’ energy (Barnes & 

Parrish, 2016). Thus, more accessible energy monitoring solutions for the light commercial 

sector needs to be developed. With further research, the energy usages by small businesses can 

be significantly decreased and have an enormous impact on the United States’ energy 

consumption. As an energy saving endeavor, small businesses can now take new roles in 

reducing the world’s energy consumption. 
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Appendix B-1: Experimental Correctness and Time Data 

Dashboard 1 

 Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 Participant 6 Participant 7 Participant 8 
Question Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? 

1 4 Y 5 Y 3 Y 5 Y 5 Y 5 Y 1 Y 4 Y 
2 12 Y 13 Y 6 Y 6 Y 6 Y 12 Y 3 Y 7 Y 
3 5 Y 3 Y 7 N 1 Y 6 Y 6 Y 1 Y 2 Y 
4 5 Y 3 Y 5 N 1 Y 4 Y 9 Y 1 Y 6 Y 
5 9 Y 12 Y 2 Y 2 Y 1 Y 2 Y 1 Y 16 Y 
6 9 Y 5 Y 4 Y 5 Y 6 Y 4 Y 2 Y 5 N 
7 5 Y 5 Y 5 Y 5 Y 10 Y 2 Y 2 Y 8 Y 
8 - Y - Y - Y - Y - Y - Y - Y - Y 
9 4 Y 3 Y 2 Y 1 Y 5 Y 1 Y 1 Y 3 Y 

10 1 Y 5 Y 5 Y 2 Y 2 Y 3 Y 1 Y 1 Y 
11 3 Y 4 Y 3 Y 3 Y 3 Y 2 Y 2 Y 3 Y 
12 1 Y 1 Y 2 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
13 3 Y 2 Y 3 Y 2 Y 1 Y 1 Y 1 Y 3 Y 
14 - Y - Y - Y - Y - Y - Y - Y - Y 
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 Participant 9 Participant 10 Participant 11 Participant 12 Participant 13 Participant 14 Participant 15 Participant 16 
Question Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? 

1 5 Y 4 Y 4 Y 1 Y 6 Y 2 Y 3 Y 2 Y 
2 9 Y 7 Y 6 Y 4 Y 11 Y 12 Y 6 Y 5 Y 
3 3 Y 3 Y 5 Y 1 Y 1 Y 3 Y 2 Y 1 Y 
4 4 Y 3 Y 5 Y 3 Y 4 Y 20 Y 5 Y 4 Y 
5 3 Y 5 Y 4 Y 1 Y 5 Y 3 Y 2 Y 2 Y 
6 3 Y 4 Y 4 N 2 Y 6 Y 4 Y 7 Y 3 Y 
7 7 Y 7 Y 7 Y 6 Y 5 Y 3 Y 4 Y 4 Y 
8 - Y - Y - Y - Y - Y - Y - Y - Y 
9 1 Y 3 Y 2 Y 1 Y 2 Y 3 Y 1 Y 1 Y 

10 1 Y 1 Y 1 Y 1 Y 1 Y 2 Y 1 Y 1 Y 
11 5 Y 4 Y 6 Y 4 Y 2 Y 2 Y 3 Y 3 Y 
12 1 Y 1 Y 3 Y 1 Y 4 Y 1 Y 4 Y 1 Y 
13 2 Y 3 Y 6 Y 1 Y 2 Y 1 Y 2 Y 1 Y 
14 - Y - Y - Y - Y - Y - Y - Y - Y 
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 Participant 17 Participant 18 Participant 19 Participant 20 Participant 21 Participant 22 Participant 23 Participant 24 Participant 25 
Q Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? 
1 2 Y 1 Y 10 Y 6 Y 6 Y 1 Y 3 Y 3 Y 1 Y 
2 5 Y 7 Y 7 Y 25 Y 8 Y 5 N 9 Y 6 Y 4 Y 
3 1 Y 2 Y 3 Y 3 Y 1 Y 2 Y 5 Y 1 Y 1 Y 
4 4 Y 2 Y 10 Y 4 Y 4 Y 2 Y 3 Y 2 Y 4 Y 
5 1 Y 2 Y 5 Y 6 Y 2 Y 2 Y 2 Y 7 Y 7 Y 
6 3 Y 3 Y 4 Y 6 Y 2 Y 3 Y 3 Y 3 Y 2 Y 
7 5 Y 5 Y 9 Y 6 Y 5 Y 4 Y 3 Y 11 Y 3 Y 
8 - Y - Y - Y - Y - Y - Y - Y - Y - Y 
9 1 Y 2 Y 9 Y 4 Y 1 Y 1 Y 1 Y 1 Y 2 Y 

10 1 Y 1 Y 2 Y 2 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
11 2 Y 4 Y 7 Y 3 Y 4 Y 2 Y 3 Y 2 Y 1 Y 
12 1 Y 2 Y 6 Y 3 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
13 1 Y 1 Y 3 Y 6 Y 3 Y 1 Y 2 Y 1 Y 1 Y 
14 - Y - Y - Y - Y - Y - Y - Y - Y - Y 
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 Participant 19 Participant 20 Participant 21 Participant 22 Participant 23 Participant 24 Participant 25 
Question Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? 

1 10 Y 6 Y 6 Y 1 Y 3 Y 3 Y 1 Y 
2 7 Y 25 Y 8 Y 5 N 9 Y 6 Y 4 Y 
3 3 Y 3 Y 1 Y 2 Y 5 Y 1 Y 1 Y 
4 10 Y 4 Y 4 Y 2 Y 3 Y 2 Y 4 Y 
5 5 Y 6 Y 2 Y 2 Y 2 Y 7 Y 7 Y 
6 4 Y 6 Y 2 Y 3 Y 3 Y 3 Y 2 Y 
7 9 Y 6 Y 5 Y 4 Y 3 Y 11 Y 3 Y 
8 - Y - Y - Y - Y - Y - Y - Y 
9 9 Y 4 Y 1 Y 1 Y 1 Y 1 Y 2 Y 

10 2 Y 2 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
11 7 Y 3 Y 4 Y 2 Y 3 Y 2 Y 1 Y 
12 6 Y 3 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
13 3 Y 6 Y 3 Y 1 Y 2 Y 1 Y 1 Y 
14 - Y - Y - Y - Y - Y - Y - Y 
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Dashboard 2 

  Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 Participant 6 Participant 7 Participant 8 
Question Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? 

1 3 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
2 6 N 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
3 7 Y 1 Y 2 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
4 - Y - Y - Y - Y - Y - Y - Y - Y 
5 3 Y 3 Y 3 Y 5 Y 1 Y 2 Y 2 Y 4 Y 
6 4 Y 1 Y 2 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
7 5 Y 2 Y 6 Y 6 Y 4 Y 6 Y 3 Y 5 Y 
8 16 Y 12 Y 6 N 20 Y 3 Y 3 Y 3 Y 3 Y 
9 5 Y 3 Y 7 Y 8 Y 3 Y 4 Y 2 Y 8 N 

10 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
11 - Y - Y - Y - Y - Y - Y - Y - Y 
12 9 Y 6 Y 11 N 6 Y 4 Y 3 Y 5 Y 5 Y 
13 4 Y 2 Y 1 Y 3 Y 2 Y 2 Y 1 Y 1 Y 
14 11 Y 4 Y 2 Y 3 Y 3 Y 2 Y 2 Y 2 Y 
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  Participant 9 Participant 10 Participant 11 Participant 12 Participant 13 Participant 14 Participant 15 Participant 16 
Question Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? 

1 1 Y 3 Y 4 Y 2 Y 1 Y 1 Y 3 N 14 Y 
2 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 2 Y 1 Y 
3 1 Y 2 Y 2 Y 1 Y 1 Y 1 Y 2 Y 2 Y 
4 - Y - Y - Y - Y - Y - Y - Y - Y 
5 2 Y 15 N 3 Y 3 Y 4 Y 2 Y 5 Y 8 Y 
6 1 Y 1 Y 2 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
7 4 Y 12 Y 13 Y 4 Y 3 Y 2 Y 5 Y 10 Y 
8 2 Y 15 Y 7 Y 9 Y 4 Y 2 Y 16 Y 10 Y 
9 3 Y 8 N 14 Y 9 Y 3 N 2 N 4 Y 6 Y 

10 1 Y 1 Y 3 Y 1 Y 1 Y 3 Y 1 Y 1 Y 
11 - Y - Y - Y - Y - Y - Y - Y - Y 
12 6 N 12 Y 9 Y 20 Y 4 Y 7 Y 10 Y 9 Y 
13 2 Y 1 Y 2 Y 2 Y 1 Y 1 Y 1 Y 2 Y 
14 3 Y 7 Y 3 Y 6 Y 2 Y 3 Y 4 Y 4 Y 
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  Participant 17 Participant 18 Participant 19 Participant 20 Participant 21 Participant 22 Participant 23 Participant 24 Participant 25 
Q Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? 
1 1 Y 1 Y 2 Y 2 Y 1 Y 6 Y 1 Y 1 Y 1 Y 
2 1 Y 1 Y 1 Y 2 Y 1 Y 4 Y 1 Y 1 Y 1 Y 
3 1 Y 4 Y 2 Y 1 Y 1 Y 1 Y 1 Y 4 Y 1 Y 
4 - Y - Y - Y - Y - Y - Y - Y - Y - Y 
5 2 Y 3 Y 7 Y 3 Y 7 Y 7 Y 4 Y 6 Y 2 Y 
6 1 Y 2 Y 8 Y 2 Y 3 Y 1 Y 1 Y 1 Y 1 Y 
7 2 Y 6 Y 8 Y 3 Y 9 Y 4 Y 3 Y 4 Y 2 Y 
8 2 Y 2 Y 7 Y 3 Y 12 Y 5 Y 1 Y 2 Y 11 Y 
9 4 Y 5 Y 10 N 5 Y 3 Y 4 N 4 N 4 Y 3 N 

10 1 Y 1 Y 2 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
11 - Y - Y - Y - Y - Y - Y - Y - Y - Y 
12 5 Y 5 Y 7 Y 7 Y 9 Y 8 Y 5 Y 3 Y 3 Y 
13 2 Y 2 Y 2 Y 3 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
14 2 Y 6 Y 6 Y 2 Y 2 Y 3 Y 2 Y 3 Y 3 Y 
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Dashboard 3 

 Participant 1 Participant 2 Participant 3 Participant 4 Participant 5 Participant 6 Participant 7 Participant 8 
Question Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? 

1 6 Y 2 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
2 2 Y 1 Y 1 Y 2 Y 1 Y 2 Y 2 Y 1 Y 
3 11 N 3 Y 3 Y 3 Y 3 Y 2 Y 2 Y 2 Y 
4 8 Y 1 Y 6 Y 1 Y 1 Y 9 N 8 N 1 Y 
5 - Y - Y - Y - Y - Y - Y - Y - Y 
6 8 Y 4 Y 7 Y 3 Y 4 N 6 Y 3 Y 2 Y 
7 2 Y 1 Y 1 Y 2 Y 1 Y 2 N 1 Y 1 Y 
8 5 Y 2 Y 10 N 2 Y 2 Y 5 Y 3 Y 2 Y 
9 5 Y 5 Y 6 Y 4 Y 3 Y 5 Y 4 Y 4 Y 

10 1 Y 1 Y 2 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
11 2 Y 1 Y 3 N 2 Y 1 Y 1 Y 2 Y 1 Y 
12 6 Y 5 Y 7 Y 4 Y 2 Y 6 Y 4 Y 6 Y 
13 3 Y 1 Y 2 Y 2 Y 1 Y 3 Y 1 Y 1 Y 
14 - Y - Y - Y - Y - Y - Y - Y - Y 
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 Participant 9 Participant 10 Participant 11 Participant 12 Participant 13 Participant 14 Participant 15 Participant 16 
Question Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? 

1 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
2 2 Y 1 Y 1 Y 2 Y 2 Y 1 Y 1 Y 1 Y 
3 2 Y 3 Y 3 Y 5 Y 3 Y 2 Y 3 Y 3 Y 
4 10 Y 8 Y 3 Y 8 Y 2 Y 2 Y 3 Y 2 Y 
5 - Y - Y - Y - Y - Y - Y - Y - Y 
6 2 Y 5 Y 5 Y 4 Y 2 Y 1 Y 3 Y 3 Y 
7 1 Y 1 Y 3 Y 2 Y 2 Y 3 Y 2 Y 2 Y 
8 8 Y 4 Y 4 Y 15 N 1 Y 5 Y 4 Y 3 Y 
9 3 Y 5 Y 8 Y 7 Y 3 Y 7 Y 5 Y 5 Y 

10 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
11 1 Y 1 Y 5 N 6 Y 1 Y 1 Y 1 Y 1 Y 
12 12 Y 5 Y 8 Y 6 Y 3 Y 6 Y 6 Y 5 Y 
13 1 Y 1 Y 2 Y 2 Y 1 Y 1 Y 1 Y 1 Y 
14 - Y - Y - Y - Y - Y - Y - Y - Y 
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 Participant 17 Participant 18 Participant 19 Participant 20 Participant 21 Participant 22 Participant 23 Participant 24 Participant 25 
Q Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? Time Correct? 
1 1 Y 2 Y 2 Y 1 Y 1 Y 1 Y 3 Y 4 Y 1 Y 
2 1 Y 2 Y 1 Y 1 Y 2 Y 1 Y 1 Y 1 Y 1 Y 
3 2 Y 7 Y 3 Y 3 Y 4 Y 3 Y 5 Y 13 Y 2 Y 
4 2 Y 5 Y 2 Y 12 Y 2 Y 2 Y 3 Y 2 Y 1 Y 
5 - Y - Y - Y - Y - Y - Y - Y - Y - Y 
6 2 Y 6 Y 4 Y 5 Y 6 Y 3 Y 4 Y 3 Y 2 Y 
7 1 Y 4 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 1 Y 
8 6 Y 4 Y 5 Y 8 Y 5 Y 2 Y 7 Y 15 Y 1 Y 
9 3 Y 6 Y 6 Y 5 Y 4 Y 3 Y 4 Y 5 Y 3 Y 

10 1 Y 1 Y 1 Y 1 Y 2 Y 1 Y 2 Y 1 Y 1 Y 
11 1 Y 2 Y 1 Y 1 Y 1 Y 1 Y 1 Y 3 Y 1 Y 
12 6 Y 4 Y 4 Y 4 Y 9 Y 2 Y 4 Y 4 Y 2 Y 
13 1 Y 5 Y 2 Y 2 Y 1 Y 1 Y 3 Y 1 Y 1 Y 
14 - Y - Y - Y - Y - Y - Y - Y - Y - Y 
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Appendix B-2: NASA TLX Output Data 

experimentalID 
 
participantID 

 
tlx_Score 

 
scale_mental 

 
scale_physical 

 
scale_temporal 

 
scale_perform 

 
scale_effort 

 
scale_frustration 

Dash2 Part1 42.73 14 1 64 50 42 29 
Dash1 Part1 23.67 10 4 49 22 40 9 
Dash3 Part1 12.19 4 0 13 14 15 20 
Dash1 Part2 39.07 25 0 49 51 39 10 
Dash2 Part2 17.47 15 0 14 26 15 0 
Dash3 Part2 15.67 9 0 10 31 18 0 
Dash3 Part3 47.53 39 9 65 11 74 66 
Dash1 Part3 41.33 60 5 28 17 66 41 
Dash2 Part3 36.21 25 4 43 10 65 50 
Dash2 Part4 11.67 5 0 15 5 50 10 
Dash3 Part4 2.73 4 5 4 1 4 0 
Dash1 Part4 9.81 9 5 11 11 10 4 
Dash1 Part5 27.47 48 16 29 16 12 5 
Dash3 Part5 17.47 19 20 19 16 15 6 
Dash2 Part5 28.39 38 11 27 25 34 5 
Dash3 Part6 49.33 69 9 78 16 39 8 
Dash1 Part6 58.13 74 6 72 29 50 29 
Dash2 Part6 26.27 33 1 46 1 53 0 
Dash3 Part7 52.26 50 5 67 39 30 50 
Dash2 Part7 64.01 59 0 74 36 60 70 
Dash1 Part7 62.59 58 0 70 33 60 65 
Dash1 Part8 19.2 24 1 35 12 13 6 
Dash2 Part8 14.27 5 1 20 19 10 3 
Dash3 Part8 8.6 1 2 13 7 12 4 
Dash1 Part9 24.2 32 1 23 13 41 1 
Dash3 Part9 24.6 34 8 19 11 44 18 
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Dash2 Part9 31.13 42 8 23 35 33 11 
Dash2 Part10 42.94 34 5 50 31 50 49 
Dash1 Part10 45.59 60 44 65 11 60 50 
Dash3 Part10 16.86 19 34 30 10 30 14 
Dash2 Part11 21.87 29 5 29 16 19 1 
Dash3 Part11 2.01 2 2 0 1 6 1 
Dash1 Part11 72.86 84 67 89 50 70 60 
Dash3 Part12 13.07 19 10 9 11 20 7 
Dash2 Part12 13.47 14 2 12 7 28 7 
Dash1 Part12 3.47 2 3 4 3 5 2 
Dash1 Part13 33.27 44 5 45 2 44 5 
Dash2 Part13 25.74 19 9 50 5 49 8 
Dash3 Part13 52.81 70 10 50 30 64 30 
Dash1 Part14 37.07 7 8 50 35 70 41 
Dash3 Part14 43.87 13 9 63 32 75 7 
Dash2 Part14 46.34 32 4 30 37 90 25 
Dash2 Part15 15.14 5 0 49 2 0 0 
Dash1 Part15 31.27 0 0 45 1 94 4 
Dash3 Part15 0 0 0 0 0 0 0 
Dash2 Part16 28.73 27 3 52 19 22 1 
Dash3 Part16 22.87 17 1 41 24 8 2 
Dash1 Part16 43.53 61 1 42 35 37 16 
Dash3 Part17 57.2 79 9 80 20 60 50 
Dash1 Part17 73.4 66 22 93 61 72 55 
Dash2 Part17 68.54 79 45 74 42 74 63 
Dash3 Part18 12.14 15 1 9 22 0 2 
Dash2 Part18 24.27 38 7 5 30 29 5 
Dash1 Part18 24.4 30 0 11 20 44 0 
Dash1 Part19 63.2 59 15 84 11 75 65 
Dash2 Part19 64.13 59 16 75 14 78 63 
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Dash3 Part19 51.6 55 9 79 5 60 54 
Dash1 Part20 34.33 36 3 48 14 49 0 
Dash3 Part20 36 44 1 58 23 18 9 
Dash2 Part20 18.74 4 0 10 11 64 10 
Dash2 Part21 25.06 41 1 34 1 19 1 
Dash1 Part21 30.8 50 3 45 2 24 11 
Dash3 Part21 21.14 36 3 44 2 14 1 
Dash2 Part22 31.93 49 0 20 30 51 0 
Dash3 Part22 34.87 14 1 65 29 20 0 
Dash1 Part22 33.47 21 0 50 36 20 5 
Dash3 Part23 16.67 30 0 15 20 10 5 
Dash1 Part23 36.4 34 1 54 22 46 32 
Dash2 Part23 19.19 22 1 30 16 16 10 
Dash3 Part24 41.2 25 0 54 35 33 49 
Dash2 Part24 53.47 49 14 54 45 60 50 
Dash1 Part24 58.6 30 10 64 55 64 63 
Dash1 Part25 49.8 44 5 68 21 69 20 
Dash2 Part25 53.13 35 5 64 36 75 40 
Dash3 Part25 16 19 14 26 11 10 10 
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experimentalID  participantID  workload_mental  workload_physical  workload_temporal  workload_perform  workload_effort  workload_frustration 
Dash2 Part1 0.2 0 0.33 0.2 0.07 0.2 
Dash1 Part1 0.27 0 0.2 0.33 0.07 0.13 
Dash3 Part1 0.2 0 0.33 0.27 0.13 0.07 
Dash1 Part2 0.27 0 0.33 0.2 0.13 0.07 
Dash2 Part2 0.27 0 0.2 0.33 0.13 0 
Dash3 Part2 0.33 0 0.2 0.27 0.13 0 
Dash3 Part3 0.33 0 0.07 0.2 0.2 0.2 
Dash1 Part3 0.27 0 0.13 0.33 0.2 0.07 
Dash2 Part3 0.27 0 0.07 0.27 0.27 0.13 
Dash2 Part4 0.27 0 0.13 0.33 0.13 0 
Dash3 Part4 0.2 0 0.2 0.33 0.2 0 
Dash1 Part4 0.27 0 0.13 0.33 0.2 0.07 
Dash1 Part5 0.27 0.07 0.27 0.27 0.13 0 
Dash3 Part5 0.27 0.07 0.2 0.27 0.2 0 
Dash2 Part5 0.2 0.07 0.27 0.33 0.13 0 
Dash3 Part6 0.13 0 0.33 0.2 0.27 0.07 
Dash1 Part6 0.27 0 0.33 0.2 0.13 0.07 
Dash2 Part6 0.2 0 0.27 0.33 0.13 0 
Dash3 Part7 0.27 0 0.33 0.07 0.13 0.2 
Dash2 Part7 0.13 0 0.33 0.13 0.13 0.27 
Dash1 Part7 0.13 0 0.33 0.07 0.2 0.27 
Dash1 Part8 0.27 0.07 0.2 0.33 0.13 0 
Dash2 Part8 0.2 0 0.33 0.27 0.13 0.07 
Dash3 Part8 0.13 0 0.27 0.33 0.2 0.07 
Dash1 Part9 0.27 0.07 0.13 0.33 0.2 0 
Dash3 Part9 0.27 0.07 0.13 0.33 0.2 0 
Dash2 Part9 0.2 0.07 0.27 0.33 0.13 0 
Dash2 Part10 0.27 0 0.2 0.13 0.13 0.27 
Dash1 Part10 0.13 0 0.27 0.27 0.07 0.27 
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Dash3 Part10 0.2 0 0.07 0.33 0.13 0.27 
Dash2 Part11 0.2 0.13 0.33 0.2 0.13 0 
Dash3 Part11 0.14 0.14 0 0.2 0.2 0.07 
Dash1 Part11 0.27 0 0.2 0.07 0.13 0.33 
Dash3 Part12 0.13 0 0.27 0.33 0.2 0.07 
Dash2 Part12 0.13 0 0.27 0.33 0.2 0.07 
Dash1 Part12 0.14 0 0.27 0.33 0.2 0.07 
Dash1 Part13 0.33 0.07 0.27 0.2 0.13 0 
Dash2 Part13 0.2 0 0.13 0.33 0.27 0.07 
Dash3 Part13 0.27 0.07 0.33 0.13 0.2 0 
Dash1 Part14 0.27 0.07 0.13 0.27 0.27 0 
Dash3 Part14 0.27 0.07 0.13 0.2 0.33 0 
Dash2 Part14 0.33 0.07 0.13 0.2 0.27 0 
Dash2 Part15 0.33 0 0.27 0.2 0 0 
Dash1 Part15 0 0 0.13 0.2 0.27 0 
Dash3 Part15 0 0 0 0 0 0 
Dash2 Part16 0.2 0.07 0.27 0.33 0.13 0 
Dash3 Part16 0.13 0.07 0.27 0.33 0.2 0 
Dash1 Part16 0.33 0.07 0.27 0.2 0.13 0 
Dash3 Part17 0.13 0 0.33 0.27 0.13 0.13 
Dash1 Part17 0.07 0 0.33 0.27 0.2 0.13 
Dash2 Part17 0.2 0 0.33 0.13 0.13 0.2 
Dash3 Part18 0.33 0.07 0.13 0.27 0 0 
Dash2 Part18 0.33 0.07 0.27 0.13 0.2 0 
Dash1 Part18 0.33 0 0.27 0.13 0.2 0 
Dash1 Part19 0.27 0 0.33 0.13 0.07 0.2 
Dash2 Part19 0.2 0 0.27 0.07 0.13 0.33 
Dash3 Part19 0.33 0 0.27 0.2 0.07 0.13 
Dash1 Part20 0.33 0.07 0.27 0.2 0.13 0 
Dash3 Part20 0.27 0 0.27 0.2 0.2 0.07 
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Dash2 Part20 0.27 0 0.2 0.2 0.2 0.07 
Dash2 Part21 0.27 0.07 0.33 0.2 0.13 0 
Dash1 Part21 0.27 0.07 0.2 0.14 0.33 0 
Dash3 Part21 0.2 0 0.2 0.2 0.33 0.07 
Dash2 Part22 0.2 0 0.27 0.33 0.13 0 
Dash3 Part22 0.2 0 0.33 0.27 0.13 0 
Dash1 Part22 0.2 0 0.33 0.27 0.13 0.07 
Dash3 Part23 0.13 0 0.27 0.33 0.13 0.13 
Dash1 Part23 0.33 0 0.13 0.2 0.2 0.13 
Dash2 Part23 0.2 0 0.2 0.33 0.13 0.13 
Dash3 Part24 0.27 0 0.33 0.07 0.13 0.2 
Dash2 Part24 0.2 0 0.33 0.07 0.27 0.13 
Dash1 Part24 0.13 0 0.33 0.07 0.2 0.27 
Dash1 Part25 0.33 0.07 0.2 0.13 0.27 0 
Dash2 Part25 0.27 0 0.33 0.13 0.2 0.07 
Dash3 Part25 0.27 0.07 0.2 0.13 0.33 0 
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experime
ntalID 

 
particip
antID 

 
workloadWeight
ed_mental 

 
workloadWeighte
d_physical 

 
workloadWeighte
d_temporal 

 
workloadWeighte
d_perform 

 
workloadWeigh
ted_effort 

 
workloadWeighted
_frustration 

Dash2 Part1 2.8 0 21.33 10 2.8 5.8 
Dash1 Part1 2.67 0 9.8 7.33 2.67 1.2 
Dash3 Part1 0.8 0 4.33 3.73 2 1.33 
Dash1 Part2 6.67 0 16.33 10.2 5.2 0.67 
Dash2 Part2 4 0 2.8 8.67 2 0 
Dash3 Part2 3 0 2 8.27 2.4 0 
Dash3 Part3 13 0 4.33 2.2 14.8 13.2 
Dash1 Part3 16 0 3.73 5.67 13.2 2.73 
Dash2 Part3 6.67 0 2.87 2.67 17.33 6.67 
Dash2 Part4 1.33 0 2 1.67 6.67 0 
Dash3 Part4 0.8 0 0.8 0.33 0.8 0 
Dash1 Part4 2.4 0 1.47 3.67 2 0.27 
Dash1 Part5 12.8 1.07 7.73 4.27 1.6 0 
Dash3 Part5 5.07 1.33 3.8 4.27 3 0 
Dash2 Part5 7.6 0.73 7.2 8.33 4.53 0 
Dash3 Part6 9.2 0 26 3.2 10.4 0.53 
Dash1 Part6 19.73 0 24 5.8 6.67 1.93 
Dash2 Part6 6.6 0 12.27 0.33 7.07 0 
Dash3 Part7 13.33 0 22.33 2.6 4 10 
Dash2 Part7 7.87 0 24.67 4.8 8 18.67 
Dash1 Part7 7.73 0 23.33 2.2 12 17.33 
Dash1 Part8 6.4 0.07 7 4 1.73 0 
Dash2 Part8 1 0 6.67 5.07 1.33 0.2 
Dash3 Part8 0.13 0 3.47 2.33 2.4 0.27 
Dash1 Part9 8.53 0.07 3.07 4.33 8.2 0 
Dash3 Part9 9.07 0.53 2.53 3.67 8.8 0 
Dash2 Part9 8.4 0.53 6.13 11.67 4.4 0 
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Dash2 Part10 9.07 0 10 4.13 6.67 13.07 
Dash1 Part10 8 0 17.33 2.93 4 13.33 
Dash3 Part10 3.8 0 2 3.33 4 3.73 
Dash2 Part11 5.8 0.67 9.67 3.2 2.53 0 
Dash3 Part11 0.27 0.27 0 0.2 1.2 0.07 
Dash1 Part11 22.4 0 17.8 3.33 9.33 20 
Dash3 Part12 2.53 0 2.4 3.67 4 0.47 
Dash2 Part12 1.87 0 3.2 2.33 5.6 0.47 
Dash1 Part12 0.27 0 1.07 1 1 0.13 
Dash1 Part13 14.67 0.33 12 0.4 5.87 0 
Dash2 Part13 3.8 0 6.67 1.67 13.07 0.53 
Dash3 Part13 18.67 0.67 16.67 4 12.8 0 
Dash1 Part14 1.87 0.53 6.67 9.33 18.67 0 
Dash3 Part14 3.47 0.6 8.4 6.4 25 0 
Dash2 Part14 10.67 0.27 4 7.4 24 0 
Dash2 Part15 1.67 0 13.07 0.4 0 0 
Dash1 Part15 0 0 6 0.2 25.07 0 
Dash3 Part15 0 0 0 0 0 0 
Dash2 Part16 5.4 0.2 13.87 6.33 2.93 0 
Dash3 Part16 2.27 0.07 10.93 8 1.6 0 
Dash1 Part16 20.33 0.07 11.2 7 4.93 0 
Dash3 Part17 10.53 0 26.67 5.33 8 6.67 
Dash1 Part17 4.4 0 31 16.27 14.4 7.33 
Dash2 Part17 15.8 0 24.67 5.6 9.87 12.6 
Dash3 Part18 5 0.07 1.2 5.87 0 0 
Dash2 Part18 12.67 0.47 1.33 4 5.8 0 
Dash1 Part18 10 0 2.93 2.67 8.8 0 
Dash1 Part19 15.73 0 28 1.47 5 13 
Dash2 Part19 11.8 0 20 0.93 10.4 21 
Dash3 Part19 18.33 0 21.07 1 4 7.2 
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Dash1 Part20 12 0.2 12.8 2.8 6.53 0 
Dash3 Part20 11.73 0 15.47 4.6 3.6 0.6 
Dash2 Part20 1.07 0 2 2.2 12.8 0.67 
Dash2 Part21 10.93 0.07 11.33 0.2 2.53 0 
Dash1 Part21 13.33 0.2 9 0.27 8 0 
Dash3 Part21 7.2 0 8.8 0.4 4.67 0.07 
Dash2 Part22 9.8 0 5.33 10 6.8 0 
Dash3 Part22 2.8 0 21.67 7.73 2.67 0 
Dash1 Part22 4.2 0 16.67 9.6 2.67 0.33 
Dash3 Part23 4 0 4 6.67 1.33 0.67 
Dash1 Part23 11.33 0 7.2 4.4 9.2 4.27 
Dash2 Part23 4.4 0 6 5.33 2.13 1.33 
Dash3 Part24 6.67 0 18 2.33 4.4 9.8 
Dash2 Part24 9.8 0 18 3 16 6.67 
Dash1 Part24 4 0 21.33 3.67 12.8 16.8 
Dash1 Part25 14.67 0.33 13.6 2.8 18.4 0 
Dash2 Part25 9.33 0 21.33 4.8 15 2.67 
Dash3 Part25 5.07 0.93 5.2 1.47 3.33 0 
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Appendix C: Design Factor ANOVA Testing 
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Appendix C-1: Analytical Ratings – Normal Distribution 
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Appendix C-2: Analytical Ratings – Normality of Residuals and Equality of Variances 

Normality of Residuals 

 
 
Equality of Variances 
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Appendix C-3: Analytical Ratings – ANOVA Testing 
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Appendix C-4: Analytical Ratings – Pairwise Comparisons 
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Appendix C-5: Engaging Ratings – Normal Distribution 
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Appendix C-6: Engaging Ratings – Normality of Residuals and Equality of Variances 

Normality of Residuals 

 
 

Equality of Variances 
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Appendix C-7: Engaging Ratings – ANOVA Testing 
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Appendix C-8: Engaging Ratings – Pairwise Comparisons 
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Appendix C-9: Interesting Rating – Distribution Fit and Box-Cox Transformation 
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Appendix C-10: Interesting Ratings – Normality of Residuals and Equality of Variances 

Normality of Residuals 

 
 

Equality of Variances 
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Appendix C-11: Interesting Ratings – ANOVA Testing 
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Appendix C-12: Interesting Ratings – Pairwise Comparisons 
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Appendix C-13: Trustworthy Ratings – Distribution Fitting and Box-Cox 
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Appendix C-14: Trustworthy Ratings – Normality of Residuals and Equality of Variances 

Normality of Residuals 

 
 

Equality of Variances 
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Appendix C-15: Trustworthy Ratings – ANOVA Testing 
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Appendix D: NASA TLX ANOVA Testing 
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Appendix D-1: NASA TLX Scores – Distribution Check 
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Appendix D-2: Overall NASA TLX Scores - Normality of Residuals and Equality of 
Variance Check 

Normality of Residuals 

  
Equality of Variance 
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Appendix D-3: Overall NASA TLX Score – ANOVA Testing 
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Appendix D-4: Temporal Demand – Distribution Fitting 
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Appendix D-5: Temporal Demand – Normality of Residuals and Equality of Variance 
Check 

Normality of Residuals 

  
Equality of Variance 
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Appendix D-6: Temporal Demand – ANOVA Testing 
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Appendix D-7: Performance – Distribution Fitting and Box-Cox Transformation 

Distribution Fitting 

 
Box-Cox Transformation 
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Appendix D-8: Performance – Normality of Residuals and Equality of Variances 

Normality of Residuals 

  
Equality of Variances 
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Appendix D-9: Performance – ANOVA Testing 
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Appendix E: Time ANOVA Testing 
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Appendix E-1: Group 1 -  Distribution Check and Box-Cox Transformation 

Distribution Check 

 

Box-Cox Transformation 
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Appendix E-2: Group 1 - Check for Normality of Residuals and Equality of Variances 

Normality of Residuals 

 
Equality of Variances 
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Appendix E-3: Group 1 - Full Factorial ANOVA 
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Appendix E-4: Group 1 – Post-Hoc Analysis 

Questions 

 
FirstDash 
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Appendix E-5: Group 2 – Distribution Check and Box-Cox Transformation 

Distribution Check 

 
Box-Cox Transformation 
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Appendix E-6: Group 2 - Normality of Residual and Equality of Variances Check 

Normality of Residuals 

 
Equality of Variances 
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Appendix E-7: Group 2 - ANOVA Testing and Comparing Means 

ANOVA Testing 
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Appendix E-8: Group 2 - Comparing Means 

Dashboards 
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Questions 
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FirstDash 

  



P a g e  | 153 
 
 

Appendix F: General Comments 
 Question 
Participant 1 2 3 4 5 

1 
Gauges. Engaging was 
better 

Very realistic. I would see 
how and why people use this 
to reduce energy 
consumption. The monthly 
would be very helpful 

Knowing lights were 
on vs off was easy 
because green= on 
and red=off. Gauges 
were easier to read 
because of the little 
lines between the 
numbers 

Learning about 
water pulses and 
how they are 
measured and 
read off of a 
graph 

I did not like to bar 
graphs. They were too 
difficult to read 
continuously. Maybe the 
line graph next to a 
number that shows 
instantaneous % would be 
better 

2 

Natural Gas spelled 
out rather than NG. 
Light button 
(red/green), water 
meter (red/green), 
energy table instead 
of pie chart. 
Electric/gas and 
chart/dials - no 
preference. 

Very realistic 

Light and water 
(red/green) was much 
better. Table for 
usage to date instead 
of pie chart 

Could find info 
quickly 

Color difference between 
electric and gas 

3 Gauges It seems to be realistic Engaging visuals 

Can actually see 
how it changes 
on the electrical 
instrument 

Add more colors to 
design. For example, if 
load crosses a certain 
limit, then it shows red. If 
it is ideal for both 
historical and current, 
show as green 
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4 Dash 3 
Will help to monitor and 
keep track of things 

Engaging visuals 
Visuals and 
changes it made 

More specific/highlighted 
titles for energy usage to 
date 

5 Dashboard 3 

I definitely did not see them 
being used. But it would be 
very helpful for light 
commercial businesses to 
reduce their energy usage 
and energy peak 

I prefer engaging 
visuals like lights on or 
off and water pulse 
on/off 

Having the 
hands-on 
experience so I 
know how it 
works 

In dashboard 3, I would 
prefer direct numbers 
instead of gauges 

6 Dashboard 2 
I could see any of them being 
used 

I think the analytical 
visuals provide an 
easier way of 
recording data more 
efficiently 

I liked that the 
pace of the 
activity made 
you feel under a 
crunch to 
perform even 
though the task 
wasn't too hard 

I think the designs were all 
effective. Maybe a little 
differentiation between 
the line graphs in Dash 1 
and Dash 2 

7 Graphs, Dashboard 1 Very realistic 
I prefer analytical 
visuals such as line 
graphs 

It was cool to see 
the information 
as it changed 

I think they were fine as 
they were 

8 

The gauges from Dash 
3, the water pulse 
meter from 1 and 2, 
the pie charts, and 
red/green light 
indicators 

Very realistic 

I liked the gauges for 
electricity and NG, but 
prefered analytical 
visuals for everything 
else 

Reading the 
gauges, figuring 
out monthly 
usages between 
2 meters or 
equipment 

The gauges are easier to 
read and the line graph 
water pulse should be 
used instead of red/green 
light 

9 

Dashboard 3 was my 
favorite but I found 
that the table on 1 
was easier to read 
than the pie charts 

Very realistic 

The gauges were 
easier to read. I found 
the lighting in 2 & 3 
were easier than the 
graph in 1. 

Interactivity. All 
information you 
would need in 
one place 

For the ideal dashboard, I 
would use the gauges 
from DB3, the lighting in 2 
and 3, and the table in 1. 
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10 

Dashboard 2. It was 
well organized and 
not too busy with the 
graphs 

I could see the dashboard 
being used because it allows 
for a quick breakdown of 
energy usages 

I liked the analytical 
visuals to show exact 
data, but engaging 
visuals show a "quick 
overview" of what is 
going on 

I liked that the 
data was right in 
front of you 

I wouldn't use the gauges 
(like on Dashboard 3) 
because I'd be afraid of 
unreliable readings 

11 Gauges It is realistic 
Combination of 
Engaging and 
Analytical 

It is a fun and 
interactive way 
to learn how 
energy is 
monitored in a 
real setting 

Keep water meter of 
dashboard 2 in Dash 3 

12 Dashboard 3 
It can be readily used in 
commercial businesses 

I prefer engaging 
visuals. But, analytical 
visuals help to know 
fluctuations 

I know my 
consumption 
over a period 
over a year and 
at the current 
time using the 
visualization tool 

Not much to add. It gives 
all data I need to know 
about my energy 
consumption 

13 Dashboard 2 Moderately realistic 
Analytical visuals (bar 
charts) 

Easy to read 

I liked the "Energy Used to 
Date" on Dash 1. I think 
having that accompanying 
the pie chart would be 
great 

14 Dashboard 3 Very realistic. Easy to read Engaging visuals 
Learning 
something new 

Make graphics easier to 
read (larger images) 

15 Dashboard 3 Yes it could be used there 
I go with Engaging 
Visuals 

To understand 
my bill 

Nothing 
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16 

Dashboard 3. Because 
of the gauges (In 
general #3 was more 
visually appealing) 

It is realistic Engaging visuals 

The tasks got 
easier and were 
performed faster 
after completing 
each dashboard 
a couple of times 

A summary table below 
each energy source 
instead of one table 

17 
Dash 3. Would have 
liked numbers 
displayed vs. gauge 

Not sure of benefit for non-
energy intensive businesses 

Engaging for lights 
and water. Analytical 
for monthly data 

It only took a 
moment to know 
the consumption 

The gauges were 
confusing but better than 
charts 

18 Dashboard 3 
It’s very realistic to use Dash 
3 

Engaging visuals were 
much better 
especially the gauges 

It was easier to 
read 

I would make the readings 
more distinct on gauges 

19 Dashboard 3 
I think it is realistic enough to 
be implemented in a light 
commercial business 

I prefer engaging 
visuals 

It gives real-time 
energy 
consumption 
information. And 
it will help to 
reduce energy 
consumption 

There should be a few 
warning lights on 
dashboard when unusual 
energy consumption takes 
places. For example, 
water consumption in an 
empty hotel room 

20 Dashboard 3 Very realistic 
I think engaging 
visuals is better 

How changing 
the display made 
it easy to read 
from graph to 
graph 

I would work on different 
colors as it was hard to 
read sometimes 

21 Dashboard 2 Very realistic 

Analytical visuals. It 
was easier to read 
numbers and see the 
overall flow 

I enjoyed the 
easiness of the 
data and how 
you were able to 
watch the flows 

I wouldn't change 
anything 
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22 
Gauges and Usage 
graph 

Very realistic Engaging 
Visuals were 
easy to 
understand 

Speed of change in line 
graphs and size of axis 
made hard to read quickly 

23 Dashboard 3 

I don't know whats currently 
in place, but this certainly 
seems like a good option to 
give an owner more 
awareness of his energy 
consumption 

Gauges, lights, 
alternating light water 
meter, bar graph 

How easy it was 
to see monthly 
and up to date 
consumption 

Over time, it would be 
nice to see yearly 
consumption or have two 
years in same graph to 
compare previous year to 
current year 

24 

Lights were best for if 
something is on/off or 
running. Pie charts 
and gauges from 3 

Very realistic 

Engaging was much 
better. Running water 
pulse light is better 
than the graph 

Dashboard 3 was 
most 
enjoyable/easy 
to read 

On the analytical 
layouts/charts, the % 
indicators should be on 
the right side of the 
graphs to read easily. And 
use whole numbers (10s) 

25 

Gauges, lights for 
on/off, pie chart. 
Overall, number 3 was 
best 

Fairly practical Engaging visuals 

It was cool to see 
real-time data 
flowing in graphs 
and charts 

On graphs, make 
increments easy to read 
instead of awkward 
increments 
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