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ABSTRACT

Windows provide occupants with natural light and a view of the outside, enhancing productivity,
which is important as people spend approximately 90% of their time indoors. This is especially
the case during and after the COVID-19 pandemic. Automated controls for window shading
systems can be used to control solar radiation and daylight entering the space. Lighting controls
can reduce lighting requirements, providing energy savings and better visual comfort for occupants
than manual controls, which are seldom used effectively.

Past studies have explored automated lighting and shading control strategies, and reported energy
savings and visual comfort improvements over their baselines. However, the assumptions for
baseline models differ across different studies, making it difficult to compare these automated
controls. Thus, this research uses a multi-step modeling process, including daylighting and energy
simulations using RADIANCE and EnergyPlus, respectively (i) to compare existing control
strategies using the same building inputs (baseline model) for a prototypical small office building,
(i) to develop and evaluate the effectiveness of a novel integrated control strategy that uses
variables such as occupancy, HVAC state, solar radiation entering the space, time of day for
control, and others variables. (iii) to develop a parametric model to investgate the impact of
different input variables such as building form factor, window-to-wall ratio for all different
orientations, shade properties such as openness factor, and shade overhang depth on energy
performance and visual comfort.

On top of improving energy efficiency and visual comfort in buildings, managing demand at the
grid level is becoming more important as renewable energy gets added to the generation mix.
Instead of adding more generation to balance the grid, usually using new fossil fuel-based

generation, the other approach to balance the grid is to use existing building loads and reduce their



demand during specific hours (also known as demand-side Flexibility Services (FS)). As buildings
become smarter with the adoption of new technologies for sensing and control, more integration
between buildings and the electric grid is possible. Building loads such as air conditioning and
lighting in commercial buildings have the potential to provide demand-side FS. In particular,
demand-side flexibility using lighting loads is not well studied in the literature. In commercial
buildings, lighting accounts for approximately 10-15% of the load at any time. Past studies have
shown that lighting can be dimmed by 15-20% without causing visual discomfort to the occupants.
The forth objective thus of theis study (iv) if to improve the existing literature by providing
building level and grid level estimates for using lighting loads for all the common commercial
building types as demand-side Flexible Services (FS) for three future scenarios in the Midwest

region.
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CHAPTER 1 - GENERAL INTRODUCTION
1.1 Research big picture, literature review, and research goals
The Greenhouse Gas (GHG) emissions (COz equivalent) for the entire planet due to human activity
are approximately 50 billion metric tons (Bmt) each year (Ritchie et. al. 2020). The annual
emissions requirements for GHG emissions by the year 2100 for the two most likely pathways by
the Intergovernmental Panel on Climate Change (IPCC) (Representative Concentration Pathway
RCP 4.5, and RCP 6.0) are approximately 65 are 25 Bmt of CO. equivalent, (Socrates, et. al. 2018),
respectively. These two pathways (RCP 4.5 and RCP 6.0) thus correspond to limiting the annual
emissions increase by 30% and a reduction of 50% in GHG emissions, respectively, as compared
to current annual emission levels. The RCP 4.5 and RCP 6.0 scenarios are associated with a
projected increase in global average temperature by 1.7-3.2° C and 2.0-3.7° C, respectively (Neil
2017). The catastrophic impact of these temperature increases on various socio-economic and
natural systems is studied extensively by IPCC (IPCC 2007).
From the global emissions of 50 Bmt each year, the United States is responsible for approximately
6.5 Bmt, or 13% of the worldwide emission each year. The current pledge by the United States
aims to reduce GHG emissions by 50% by the end of 2050 (Target: 3.7 Bmt/year) compared to
2005 levels (7.4 Bmt). Thus, the aim is to reduce the annual GHG emission levels by
approximately 2.8 Bmt of CO- equivalent (6.5 — 3.7 = 2.8 Bmt) in the next 30 years. From the 6.5
Bmt of CO- equivalent, CO is responsible for 5.1 Bmt (~ 80% of the emissions) (US EPA 2015),
while other greenhouse gases such as methane, nitrous oxide, and fluorinated gases are responsible
for the rest.
The total CO, emission for the U.S. in 2020 decreased from 5.1 to 4.5 billion tons of CO2 (11 %

reduction) compared to 2019 during the pandemic. In 2020, of the 4.5 Bmt of CO. from all energy



can be classified into four sectors, specifically transportation (37%), industrial (28%), residential
(19%), and commercial (16%), as shown in Figure 1-1 (top right). Further, the emission associated
with just electricity generation for these sectors accounted for around 1.45 Bmt, mostly related to
the industrial, commercial, and residential sectors. (Note: this is ignoring the transportation sector

and non-electric energy needs from the other sectors due to other sources such as fossil fuels like
natural gas and propane).
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Figure 1-1 CO2 emissions (million metric tons) by sector (top left), by source (top right),
emission for electricity generation (bottom left) and electricity generation in billion kwh by
source (bottom right) for the year 2020 in the United States (US EIA 2022) (US EIA 2019)

The sources used for electricity generation are dominated by fossil fuel-powered plants. These
include natural gas and coal, which currently account for around 60%, nuclear accounts for another
20%, and the remaining 20% is from all renewable sources combined such as wind, solar,
hydropower, biomass, geothermal, and other sources (US EIA 2019) (as shown in Figure 1-1,

bottom right). Switching from fossil fuel sources for energy generation to renewable sources

reduces the life cycle CO2 equivalent/kWh by a factor of 15 for a switch from coal to solar, and by



a factor of 10 for a switch from natural gas to solar, which are two current primary fossil fuels used
for electricity generation. These factors are even higher for switching from coal to wind/nuclear
(factor of 70) and from natural gas to wind/nuclear (factor of 40), as shown in Figure 1-2. However,

these renewable generation sources also have their own drawbacks [Abbas, et al.2022]
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Figure 1-2 Life cycle emissions in (gCO2 equivalent/kWh) from various generation sources
(Thomas, et. al. 2014)

Commercial buildings account for approximately 20% of the energy use (18 quadrillion Btu), 30%
of the electricity consumption (1.2 trillion kwh), and around 880 million metric tons of CO;
emissions (US EIA 2022). Thus, the commercial building sector provides substantial opportunity
for reduction in carbon emissions both by improving energy efficiency and providing demand
flexibility. The primary commercial building electricity end uses include lighting, refrigeration,
ventilation, cooling, computers, and office equipment, as shown in Figure 3. From these loads,
lighting accounts for a total of 0.20 trillion kWh (lighting = 17% of 1.2 trillion kwh) and roughly
85 million tons of CO, emissions (17 % of 504 million metric tons). Thus, the project aims to
reduce a portion of 85 million tons of CO2 (around 1% of the US CO. emissions and 0.14% of the

world's CO, emissions) using various energy-saving and demand strategies.
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Figure 1-3 Electricity use in commercial buildings by end-uses (US EIA CBECS 2018)
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Windows allow solar radiation and natural light to enter the building which can affect the lighting

energy consumption. Incoming solar radiation can also significantly increase or reduce a building’s

energy consumption based on whether this occurs in a cooling, or a heating dominated season.

Windows also allows daylight into the room, where low levels of daylight can increase the lighting

energy consumption whereas too much daylight can cause visual discomfort to the occupants.



Further, windows provide occupants with natural light, a view to the outside, and enhance
productivity (Edwards & Torcellini, 2002) (Shishegar & Boubekri, 2016) and provide a sense of
well-being which is important considering people spend approximately 90% of their time indoors
(Mitra et al., 2022), especially after the COVID-19 pandemic.

Although most building have shading devices such as roller shades and Venetian blinds to control
daylight and solar radiation entering the space, these shading devices are operated manually and
not used effectively. Rea (1984) found that occupants often close the blinds when excessive light
or light-causing glare enters the space but are less likely to open the shades again when the
unwanted lighting conditions no longer occur. Based on Sanati & Utzinger (2013) occupants do
not adjust shading devices frequently, and once the shades are lowered, they are left in place for
days or even weeks leading to reduced lighting energy savings from natural light.

To facilitate the development of these automated controls for lighting and shading systems visual
comfort for occupants needs to be evaluated. All the developed visual comfort metrics are
extensively summarized in these review studies (Vasquez et al., 2022)(Carlucci et al.,
2015)(Sadeghi et al., 2016)(Da Silva et al., 2012). These metrics are used both as input variable
thresholds for shading and lighting levels and/or to evaluate the performance of a control strategy.
The common visual comfort metrics used in past studies include glare indices (Xiong and
Tzempelikos, 2016 ; Da Silva et al., 2012 ; Shen et al., 2014 ; de Vries et al., 2021; Kunwar and
Bhandari, 2020 ; Bian et al., 2020), vertical illuminance inside the building (Bian et al., 2020; de
Vries et al., 2021; Kunwar & Bhandari, 2020; Shen 2012; Xiong and Tzempelikos, 2016). For
solar radiation-based control, a solar radiation threshold is used to control the radiation entering
the space (Tzempelikos and Athienitis, 2007; Wankanapon and Mistrick ,2011; Shen 2012; Shen

and Tzempelikos, 2012; A. Atzeri et al., 2018). Usually, this value ranges from 20 W/m? to 400



W/mZ2. In addition to using visual comfort criterion or solar radiation entering the space, some
studies have also used factors such as occupant behavior (Bourgeois et al., 2006)(Athanassios
Tzempelikos & Athienitis, 2007)(Da Silva et al., 2012)(E. Shen et al., 2014), sun tracking (de
Vries et al., 2021; E. Shen et al., 2014), indoor temperature (Karlsen et al., 2016), HVAC state
(heating/cooling mode) and different controls for day and night (E. Shen et al., 2014) to develop
shading and lighting controls.

Even though various studies, such as those highlighted above, have explored automated controls
strategies and presented energy saving and visual comfort improvements, research that compares
all existing control strategies using a typical/common baseline model is lacking for combined
lighting and shade control strategies. A meta-analysis that can quantify and estimate the visual
comfort and energy savings improvements for shading and lighting controls for all the existing
control strategies can be very challenging as these studies have different assumptions for baseline
models including assumptions for the input variables such as room sizes (depth and width),
window size (height, width, and WWR (with/without split windows)), window orientation
(simultaneous windows in two directions), glazing material properties, shade material properties,
and climate zones of the building. Thus, there is merit in comparing existing control strategies
using the same baseline model by developing a daylighting and energy model. This research also
proposes an a novel Integrated Control Strategy (IGS), which accounts for variables such as
occupancy, HVAC state, solar radiation entering the space, time of day for control and other
variabes to further optimze the enrgy savings and improvement in visual comfort.

As mentioned above the energy and daylighting model results are very sensitive to the building
input variables. Thus, the studies proposing different automated control strategies typically provide

some sensitivity analysis for a few input variables. Another approach to explore the impact of input



variables is to use a parametric/optimization study that can show the influence of possible
combination of all the variables at once as opposed to sensitivity analysis where a particular
variable is changed while all others are fixed. Thus, an energy and daylighting model is developed
using six (6) input variables such as WWR for all four orientations, shade material openness factor,
and the length overhang depth to evaluate the best-case scenarios for (Useful Daylight
[lluminance) UDI, (Energy Use intensity) EUI, view to the outside, and improvement in thermal
comfort. This process is repeated nine (9) times for different building form factors to estimate the
variation in results as the building form factor is changed.

In addition to improving energy efficiency and visual comfort in buildings, managing demand at
the grid level is becoming more important as renewable generation sources are added to the
generation mix. Electricity generation due to renewable resources such as wind and solar combined
is projected to represent 36% of the total energy generation in 2050 (U.S. EIA Energy Outlook
2022). These renewable energy generation sources are highly variable throughout the day and
between seasons. Furthermore, the generation sources do not match exactly with electricity
demand in terms of when electricity is produced versus consumed. With limited grid-level storage,
electricity generation needs to be balanced with electricity demand in real-time. This variability is
usually addressed using various grid-based services known as Flexibility Services (FS).
Currently, these FS are dependent mostly on non-renewable sources (MISO 2020), such as natural
gas and oil. However, with reductions in non-renewable sources in the generation mix,
compounded with more FS requirements due to increases in variable generation such as solar and
wind, there is a need to provide FS using sources other than non-renewable generation sources.
Further, with more renewable energy generation sources, FS will not only be needed during peak

demand periods but also throughout the day. Furthermore, the transmission flow patterns



significantly change with distributed renewable energy as compared to current transmission
patterns dominated by non-renewable energy sources where the flow of electricity is from the
power generation plant to the consumers. Therefore, this possibly requires more transmission
infrastructure in the future as more distributed renewable energy is added to the grid.
Demand-side FS thus can help provide load flexibility and reduce capital investment for
transmission and distribution systems by modulating loads in existing buildings to match available
supply. Various types of loads in commercial and residential buildings can potentially provide
these FS. These loads can be broadly classified into two categories, including activity-driven loads
(ADLs) and thermostatically controlled loads (TCLs) (Kunwar el al. 2021). ADLs are generally
loads from appliances that are largely influenced by occupant activities, such as clothes washers,
dryers, dishwashers, lighting, and electric vehicles. TCLs include electricity-consuming
appliances such as HVAC (Heating, Ventilation and Air Conditioning) systems and water heaters,
which are largely controlled by a thermostat. These different types of loads have different response
times, total capacity reduction potential, time-of-day availabilities, and technology penetration
levels. Thus, there is a need to study these loads separately.

In commercial buildings, lighting loads present a unique opportunity as lighting accounts for
approximately 10-15% of the load at any given time. Past studies have shown that lighting can be
dimmed by 15-20% without causing visual discomfort to the occupants. Thus, lighting loads have
the potential to act as fast acting demand side flexibility services as they can be dimmed
instantaneously. Without any lighting-based controls, lighting loads (ADLs) in commercial
buildings are generally dependent on the space type (e.g., open office, library, surgery rooms), the
operating schedule of the building, the age of the building, and/or the lighting efficiency.

Therefore, without any controls, lighting loads generally have consistent use patterns, with the



stronger predictors being the day of the week (weekdays/weekends) and time of day, with some
minor seasonal variations due to changes in sunrise and sunset times. However, for perimeter zones
with lighting-based controls, the lighting loads also depend on daylight available in space. For that
reason, estimating the potential for lighting loads flexible loads can be challenging as if the lights
are already switched off using daylighting controls, they are not available as flexible loads.

In particular, demand-side flexibility using lighting loads is not well studied in the literature as
other building loads such as Heating Ventilation and Air Conditioning (HVAC). Thus, there is a
need to develop estimates on how much potential there is in lighting loads as flexible services both
at building level and at the grid level estimates for using lighting loads. These results can be used
as inputs for grid levels models to predict future generation, transmission, and distribution
investments for future high renewable energy scenarios.

1.2 Research Objectives

This proposed research consists of three primary Focus Areas. These are discussed in further detail

below (see Figure 1-5).
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1.2.1 Focus Area 1: Integrated controls for dynamic shading and lighting
The goal of Focus Area 1 is to develop lighting and shading control strategies for dynamic
fenestration systems to estimate the amount of energy savings and demand reduction potential in
a typical office building. The most common shading devices used in office buildings include roller
shades and venetian blinds. Various control strategies adjust shading and lighting levels based on
multiple input variables such as weather data, which calculates incoming daylight and other visual
comfort metrics. The research questions addressed, or goals for Focus Area 1 include:

1. How do existing lighting and shading control strategies compare with each other in terms

of performance?
2. Can the existing control strategies be further modified to develop integrated control

strategies to maximize energy savings and visual comfort improvements?

Obijective 1.a Compare existing lighting and shading controls strategies using the same baseline

This objective aims to recreate and test existing lighting and shading control strategies in the
existing recent literature and compare them using the same baseline conditions. Past studies that
have explored automated lighting and shading control strategies typically report energy savings
and visual comfort improvements over their respective baselines. However, across different
studies, the assumptions for baseline models differ. For instance, these actual buildings usually
have different room sizes (depth and width), different window locations (height, width, and WWR
(with/without split windows), window orientation (simultaneous windows in two directions),
glazing properties and climate zones of the building location. As different studies have different
assumptions for these input variables, comparing percent improvement in energy savings due to

the implemented control strategies across different papers can be challenging. Objective 1.a works
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to bridge this gap using a single baseline model to compare existing control strategies for different

zone orientation and climate zones.

Objective 1.b Develop an Integrated Control Strategy (IGS) for Lighting and Shading Control

Various input variables can be used to control shading devices, such as position, sun, solar
radiation, available daylight, and occupancy, both individually and in combination. A novel
Integrated Control Strategy (IGS), which accounts for variables such as occupancy, HVAC state,
solar radiation entering the space, and time of day for control. This study uses a multi-step
modeling process, including daylighting and energy simulations using RADIANCE and
EnergyPlus, respectively, in a Ladybug and Honeybee plugin environment. The results for the IGS
control strategy are than compared to the existing control strategies developed in Objective 1.a.
1.2.2 Focus Area 2: Sensitivity analysis for input variables for dynamic shading and lighting
controls
The objective of this Focus Area is to explore the sensitivity of different building input variables
and their impact on the output metrics for combined shading and lighting control strategies. The
best strategy from Focus Area 1 is chosen for this purpose. Focus Area 2 is split between two
objectives model development and validation and development of parametric model to test
sensitivity for various input variables. The research questions addressed, or goals for Focus Area
2 include:

1. What are the best values for input variables such as WWR, shade openness and shade

overhang depth for optimum energy saving, visual comfort, and thermal comfort?
2. What is the impact of building form factor on energy saving, visual comfort and thermal

comfort?

12



Obijective 2.a Development and validation of parametric model using collected daylighting data

The daylighting model developed for Objective 2.b first needs to be validated with collected
illuminance data for a real test building located in Ankeny, lowa to estimate the values of fixed
variables such as wall, ceiling, and floor reflectivity. Illuminance data at different points in the test
room is collected for three different orientations for the test building for a period of 10 days each.
The validation of the model also provides further confidence that the current model setup used for
daylighting and energy simulation using RADIANCE and EnergyPlus with Ladybug tools as the

interface will provide satisfactory results for the parametric model without errors.

Objective 2.b Using Parametric model to evaluate best input variables for different form factors

The energy consumption and the visual comfort results for Objectives 1.a and 1.b depend on
various factors and variables that represent the physical characteristics of the buildings such as:
window-to-wall ratio, room geometry, surface reflectance, window glazing type (double pane/low-
e) and shade properties (% openness factor, color, material), zone orientation (N, W, S, E), and
building location. Parametric/optimization methods in the past have typically used Energy Use
Intensity (EUI) and visual comfort metrics such as UDI (Useful Daylight Illuminance) to estimate
the ideal combination of these variables. However, output metrics such as view to outside, glare,
and thermal comfort are typically ignored. This study aims to build a parametric model using
various variables such as WWR for all four orientations, shade material property (openness factor),
and the length of the building overhang depth to estimate best-case scenarios for UDI, EUI, view
to the outside, and thermal comfort using PMV (Predicted Mean Vote) for a shade control strategy

that uses glare-based control.
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1.2.3 Focus Area 3: Demand-Side Flexibility services estimation for lighting loads at grid
level
The main goal of this Focus Area 3 is to assess the demand reduction potential of lighting loads as
Flexible Services, by the time of day. This is then to be aggregated to county, state, and grid-level
estimates of impact of such controls on grid operations and needs. There are several major research
questions to be addressed in Focus Area 3 including the following:
1. Can lighting loads in commercial buildings be used as demand-side flexible loads, and
what is the potential?
2. How can building level lighting loads be aggregated to the county, state, and grid-level
using various building stock datasets that are available, to estimate commercial building

lighting load contributions at different scales?

Objective 3.a Estimation of FS potential for lighting loads (building level)

This objective focuses on estimating the FS potential for lighting loads using lighting dimming
controls for different types of commercial buildings. EnergyPlus is used as the tool to balance
sufficient daylight and/or artificial light is availability in a space, with the ability to reduce artificial
lighting use for demand flexibility. This is accomplished by reducing artificial lighting levels by
20 % [37-39], which is considered an acceptable value for lighting level reduction for a short
period during DR events. Building level estimates for demand saving potential for DOE
Commercial Prototype and Reference building models for different energy code versions are then
evaluated.

Obijective 3.b Aggregate building level DR Flexibility to national/sub-national levels

This objective focuses on scaling building level results spatially to county, state, and grid level.

To scale the building level data, factors such as building age, type, population distribution, building

14



energy code adoption year, and percent of building retrofitted are considered as input variables.
The gird level data for lighting loads that can act as flexible loads can be used as inputs for grid
levels models to predict future generation, transmission, and distribution investments for future
high renewable energy scenarios.

1.3 Research Organization

The research is organized into six chapters. Chapter 1 provides an introduction and outlines the
research organization. Chapter 2 discusses Focus Area 1. More specifically this chapter discusses
the methodology for developing and modeling an integrated control strategy for lighting and
shading systems. The modeled control strategy is then compared to existing control strategies in
the literature to highlight the improvement using preliminary results such as energy savings and
improvements in visual comfort. Chapter 3 discusses Focus Area 2. This chapter integrates the
best model developed in Chapter 2 and explores sensitivity to various input variables such as
WWR, shade openness factor, and the length shade overhang to estimate its effect on the lighting
and shading controls. Chapter 4 discusses Focus Area 3 and is independently developed from
Focus Area 1 and 2. Its primary aim is to develop a methodology to scale up building-level results
for demand side flexibility potential using lighting loads to the grid scale. This uses lighting
without any shading controls to estimate the load flexibility by the hour of the day that will be used
if the grid consumption is over the grid production (a likely case for high renewable energy
penetration case). Finally, Chapter 5 provides conclusions for all the Focus Areas, limitations of
current research work, significant contributions, and suggestions for future work. Chapter 6

provides a list of publications based on the current research.
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ABSTRACT
Automated shading and lighting control systems can be used to control solar radiation and daylight
entering the space and reduce the lighting requirement, providing both energy savings and better
visual comfort for occupants. Past studies that have explored automated lighting and shading
control strategies typically report energy savings and visual comfort improvements over their
respective baselines. However, across different studies, the assumptions for baseline models differ,
as many daylighting studies use an experimental setup to measure various daylighting-based
metrics to evaluate the performance of their control strategies in a real building. For instance, these
actual buildings usually have different room sizes (depth and width), different window locations
(height, width, and WWR (with/without split windows), window orientation (simultaneous
windows in two directions), glazing properties and climate zones of the building location. As these
input variables affect the result of daylighting studies, comparing percent improvement in energy
savings due to the implemented control strategies across different papers can be challenging. This
research uses a common baseline to evaluate the differences between a broad diversity of existing
lighting and shading control strategies. The author also proposes an Integrated Control Strategy
(1GS), which accounts for variables such as occupancy, HVAC state, solar radiation entering the
space, and time of day for control. This study uses a multi-step modeling process, including
daylighting and energy simulations using RADIANCE and EnergyPlus, respectively, in a Ladybug
and Honeybee plugin environment. The results are used to quantify the differences in the existing

control strategies to a common baseline model. The results suggest that complex rule based
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shading and lighting strategies such as an IGS performs only slightly better (6-12 % decrease in
view to the outside, no glare, 82-88% lighting energy savings and 7.5-14.5% total energy savings
compared shades fully open) when compared to existing glare metric based control strategy (4.5-
9.5 % decrease in view to the outside, no glare, 63-72% lighting energy savings and 7-13% total
laod savings compared shades fully open. Thus, if the addition of sensors is needed to support
complex shading and lighting controls strategies, these sensors may benefit from being used for
multiple purposes in order to justify their use.

2.1 INTRODUCTION

Windows are necessary to provide occupants with natural light, a view to the outside, and to
enhance productivity (Edwards & Torcellini, 2002) (Shishegar & Boubekri, 2016) which is
important considering people spend approximately 90% of their time indoors (Klepeis et al., 2001)
(Mitra et al., 2022). If the light entering through the windows is not adequately controlled, it can
cause visual discomfort to the occupants. Windows also allow solar radiation into the space, which
can increase or reduce a building’s energy consumption based on the cooling or heating season.
Although most building have shading devices such as roller shades and Venetian blinds to control
daylight and solar radiation entering the space, these shading devices are operated manually and
not used effectively. (Rea, 1984) found that occupants often close the blinds when excessive light
or light-causing glare enters the space but are less likely to open the shades again when the
unwanted lighting conditions no longer occur. Based on (Sanati & Utzinger, 2013) occupants don’t
adjust shading devices frequently, and once the shades are lowered, they are left in place for days
or even weeks leading to reduced lighting energy savings from natural light. Furthermore,
according to (CBECS 2018), only 3.1% of buildings have multilevel lighting dimming and only

1.3% of buildings have daylighting controls. Thus, there is a huge opportunity to improve visual
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comfort and lighting energy use using automated lighting and shading controls. Some of the
already existing rule-based automated lighting and shading strategies are discussed in the literature
review section.

2.1.1 Background/ Literature review

Most automated shading control strategies use some visual comfort metrics for control. Multiple
review studies have summarized commonly used visual comfort metrics (Carlucci et al., 2015) (Da
Silva et al., 2012) (Tabadkani et al., 2020) (Jain & Garg, 2018) used for shade control in detail.
Studies such (Seyed, et al. 2020) have done a meta-analysis of how these metrics are used for
shading control in different field studies and lab experiments. These metrics are used both as a
threshold for shading and lighting levels and/or to evaluate the performance of a control strategy.
Commonly used daylighting metrics include Daylight Autonomy (DA), Continuous Daylight
Autonomy (cDA), Useful Daylight Illuminance (UDI), Spatial Daylight Autonomy (sDA), and
Annual Sunlight Exposure (ASE). For estimating glare, researchers have used Daylight Glare
Index (DGI), Unified Glare Rating (UGR), Daylight Glare Probability (DGP), Simplified Daylight
Glare Probability (DGPs) and Predicted Glare Sensation Vote (PGSV). Since simulating glare
(DGP) can be time extensive, this study uses Simplified Daylight Glare Probability (DGPs)
(Weinold 2007) which provides a simple empirical relation between vertical illuminance at the eye
level of the occupants and glare. A DGPs value higher than 0.35 (corresponds to 2600 lux at eye
level) can cause visual discomfort for occupants. However, DGPs do not accurately calculate glare
conditions for low vertical illuminance values especially when direct light hits the eyes such as
seeing the sun directly through the shades (Konstantzos et al., 2015).

Several review studies (Tabadkani et al., 2020) (Jain & Garg, 2018) (Konstantoglou &

Tsangrassoulis, 2016)(Kunwar et al., 2018) have summarized rule-based automated shading and
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lighting control strategies for roller shades. These studies usually use no shades or shades fully
closed as the baseline. Several studies also use manually controlled shades as one of the baseline
models the evaluate energy and visual comfort difference between manually controlled shades and
automated shading control (Bourgeois et al. 2006)(Kunwar and Bhandari, 2020) (Shen et al. 2014).
For manual control, factors such as room layout, which is whether the building is an open layout,
or a private/closed office space are important when deciding the lighting and shading control
strategy. In the case of a private office, the occupant may have full manual control over the shades
whereas in cases such as open offices, multiple occupants in the same open office that are located
a different distance and orientations from the windows can lead to issues on when the shades need
to open or closed. Some studies such as (Tzempelikos and Athienitis, 2007) and (Reinhart 2004)
therefore are focused on private office spaces. Moreover, the accessibility of the controller can
impact the frequency with which the manual controlled shades are operated (Sadeghi et al., 2016).
Several authors have categorized manual control strategies into dynamic manual control strategies
(active control) and static manual control strategies (passive control).

For automated shade control, studies use visual comfort metrics or the amount of solar radiation
entering space as the criterion to select shade position. The commonly used visual comfort metrics
are glare indices (Xiong and Tzempelikos, 2016 ; Da Silva et al., 2012 ; Shen et al., 2014 ;
Goovaerts et al., 2017; de Vries et al., 2021; Kunwar and Bhandari, 2020 ; Bian et al., 2020; A.
Atzeri et al., 2018; Do and Chan, 2020), vertical illuminance inside the building (Bian et al., 2020;
de Vries et al., 2021; Kunwar & Bhandari, 2020; Shen 2012; Xiong and Tzempelikos, 2016),
transmitted illuminance (Kunwar & Bhandari, 2020)(Athanasios Tzempelikos & Shen, 2013), or
luminance ratio (Bian et al., 2020). For solar radiation-based control, a solar radiation threshold is

used to control the radiation entering the space (Tzempelikos and Athienitis, 2007; Wankanapon
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and Mistrick ,2011; Shen 2012; Shen and Tzempelikos, 2012; Da Silva et al., 2012; de Vries et
al.; A. Atzeri et al., 2018). Usually, this value ranges from 20 W/m? to 400 W/m?2. For controls
with solar radiation, Work plane Protection Position (WPP) (Shen 2012)(Konstantzos et al., 2015;
Kunwar et al., 2019) can be used to close the shades to a certain height based on the sun position
such that the direct sunlight does not hit the occupants. Studies also use a fixed solar penetration
depth (Lee & Selkowitz, 2006) to prevent direct sunlight from hitting occupants. Furthermore,
most studies use shading control with the shades either fully closed or fully open. However, few
studies also include controls where shades gradually open or close, stopping when a targeted
threshold is met (Lee and Selkowitz, 2006; Xiong and Tzempelikos, 2016; Kunwar et al., 2019).
Table 2-1 provides a review of studies that have used automated control strategies for roller shades
and highlights the control strategy used with visual comfort metrics thresholds, the performance
metrics to evaluate the strategy, and sensitivity to input variables.

In addition to using visual comfort criterion or solar radiation entering the space, some studies use
factors such as occupant behavior (Bourgeois et al., 2006)(Athanassios Tzempelikos & Athienitis,
2007)(Da Silva et al., 2012)(E. Shen et al., 2014), sun tracking (de Vries et al., 2021; E. Shen et
al., 2014), indoor temperature (Karlsen et al., 2016), HVAC state (heating/cooling mode) and
different controls for day and night (E. Shen et al., 2014) to develop integrated shading and lighting

controls. Thus, the control strategies in this study are divided into four categories.
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Table 2-1 Review of automated control strategies for roller shades

Baseline . Shading Shade I .Other . . L
Reference Shading control . Lighting control variables used Performance metrics Variable sensitivity
case control type increments for control
(Bourgeois et No shades, Active Manual control — Adjust shades to Manual Fully open/fully Work plane Occupancy --Heating, cooling, and lighting --Building location
al., 2006) lighting maximize daylight availability /Independent | closed illuminance (500 EUI
always on control lux)
(Lee & - Glare and solar penetration depth Independent Five (5) shade Work plane Solar --Lighting energy use --Sensor distance
Selkowitz, control heights illuminance (500 penetration --Window orientation
2006) lux) depth
(Athanassios Closed Solar radiation-based control Independent Fully open/fully Work plane Occupancy --Daylight Availability ratio -WWR
Tzempelikos & shades: (Shades fully open < 20W/m?) control closed illuminance (500 (DAR) --Sensor distance to window
Athienitis, lighting lux) --Work plane illuminance --Zone orientation
2007) always on --Heating, cooling, and lighting
load
(Wankanapon No shades, Solar radiation-based control Independent Fully open/fully Work plane . --Heating, cooling, and lighting --Zone orientation
& Mistrick) lighting (Shades fully open < 95/ 189/400 W/m?) control closed illuminance (500 EUI --Shade color
always on lux) --Solar radiation threshold
(Shen and No shades, Shades close when direct sunlight on facade. Independent Fully open/fully Work plane -- -UDI bins (100 - 2000 Lux) -WWR
Athanasios no lighting control closed illuminance (500 -Daylight autonomy --Shade openness factor
Tzempelikos, control lux) --Sensor location
nd.) --Zone orientation
(Athanasios No shade S2- (Shades fully open when solar radiation < Independent Fully open/fully Work plane - -UDI bins (100 - 2000 Lux) -WWR
Tzempelikos & 20/100/200/400 W/m?) control closed +WPP illuminance (500 -Daylight autonomy --Shade openness factor
Shen, 2013) S3- Transmitted illuminance lux) --Zone orientation
S4- Transmitted illuminance shade + WPP --Sensor distance
(lason Fully closed S2- WPP control Independent 11 positions (10 - - --DGP --Glazing type
Konstantzos et shades S3- WPP control + work plane illuminance (< control % increments) --Work plane llluminance
al. 2015) 2000 lux)
(Xiong & -- Close shades in increments until Independent 11 positions (10 -- -- --DGP -
Tzempelikos, S1 - Glare with DGP <0.35 control % increments) --Work plane llluminance
2016) S2 - Glare with DGPs --Vertical llluminance
Vertical illuminance < 2500 lux)
S3- Work plane illuminance < 2000 lux)
(A. M. Atzeri et No shades S1- based on work plane illuminance (<500 lux Independent open, closed, and Work plane - --Daylight Autonomy (sDA) --Glazing size
al., 2018) open, 500- 2000 lux maintain, and > 200 lux control intermediate illuminance (500 --Comfort Availability (CA) --Glazing transmittance
close shade lux) --Comfort Usability (CU) --Zone orientation
S2- Work plan protection height --Daylight Usability (CU)
S3- Work plan protection height and Work plane --Heating, cooling and lighting.
illuminance (< 2000 lux)
(Do & Chan, (DGPs < S1- Blinds (based on season) + roller shades Manual Multi-sectional Work plane Blinds and --cDA and DGPs --Location
2020) 0.35)at1lm (based on glare) /Independent | shades illuminance (500 roller shades --Zone orientation
work plane S2- Top section - Diffuse roller shades (fully up control lux) combined
level or fully down) and middle section - Glare-
blocking roller shades (Eleven states)
(Kunwar et al., No shades, S1- Solar radiation (<150 W/m2) + vertical Independent Multiple positions | Work plane WPP --Work plane illuminance --Zone orientation
2019) no lighting illuminance (1830 lux) — sensor at 1 meter /Integrated illuminance (500 --UDI, DGPs --Sensor placement
control S1- Solar radiation (<150 W/m2) + vertical control lux) --Lighting energy --Shade properties
illuminance (1830 lux) - sensor at 3 meters
(de Vries et al., Solar AU: Always up Independent Multiple positions | Work plane -- --DGPs --Sensor placement
2021) radiation < AD: Always down control illuminance (500 --Vertical llluminance
200 W/m2 SC: Solar cut-off (WPP at 0.75 m) lux) --Heating, cooling, and lighting
(fully open/ EL: Solar cut-off (WWP at 1.2 m) EUI
closed)
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Table 2-1 (cont’d)

S2 - Daylight Glare Index (DGI) > 22

when solar irradiation hits the
occupant)

(Kunwar & No shades, (LC): No shade control with lighting dimming Independent -- Work plane -- --sDA, ASE, DGPs --Location
Bhandari, 2020) | no lighting (MC): Manual Control (Nezamdoost et al., 2018) | control illuminance (500 --Heating, cooling, and lighting --Building vintage
control (AC1): Window illuminance + solar penetration lux) EUI --Zone orientation
depth + WPP (Fully open/50% closed/Fully
closed)
(AC2): DGI < 22 (fully open/fully closed)
(AC3): External illuminance on the fagade (Fully
open/fully closed)
(AC4): External illuminance on the facade (5
positions)
(Do & Chan, Fully closed DGPs <0.35at1.5m Independent - Work plane - --lighting energy saving --Glazing properties
2021) control illuminance (500 --glare prevention -WWR
lux) --view --Shade properties
--Zone orientation
(A. Atzerietal., - S1 - Solar Radiation al radiation on the window Independent Internal vs - - --Heating, cooling, and lighting -Interval vs external shades
2014;) surface > 150 W m2 control external shades --PMyv (Predicted Mean Vote -WWR

-Glazing type
-Shading type
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2.1.1 Research gap and goals

Previous studies such as (Gentile & Dubois, 2017) (Williams et al., 2012) have simulated lighting
controls in different commercial buildings to estimate the percentage saving associated with
various lighting control strategies using the same baseline case. These included daylighting-based
control, occupancy-based lighting control, personal tuning, and institutional tuning.

However, research that compares all existing control strategies using a typical/common baseline
case is lacking for combined lighting and shade control strategies. A meta-analysis that can
quantify and estimate the visual comfort and energy savings improvements for shading and
lighting controls for all the existing control strategies can be very challenging as these studies have
different assumptions for baseline models and use different metrics for comparing the results of
these different control strategies. In most cases, the baseline models differ because many
daylighting studies use an experimental setup to measure various daylighting-based metrics to
evaluate the performance of their control strategies in a real building. For these actual buildings,
the input variables such as room sizes (depth and width), window size (height, width, and WWR
(with/without split windows)), window orientation (simultaneous windows in two directions),
glazing material properties, shade material properties, and climate zones of the building are
different. Table 2-2 shows the input values for baseline building used for existing automated
control studies.

Although these studies show the sensitivity to performance metrics for various input variables,
comparing percent improvement in visual comfort or/and energy savings due to the implemented
control strategies across different papers still can be very challenging. Some studies, such as (E.
Shen et al., 2014) (Da Silva et al., 2012a) have compared control strategies for Venetian blinds.

However, studies involving roller shades that compare all the existing control strategies are
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lacking. Only a few studies involving roller shades have compared control strategies with the
shades opening and closing in small increments (as opposed to just fully open and fully closed)
with integrated controls, as shown in Table 2-1. This research provides an additional point of
reference when comparing a wide variety of control strategies involving roller shades using a

typical US DOE small office building model.

27



Table 2-2 Review of input variables used for automated control strategies

(Box model/ Measured Window properties
Reference prototype data/ simulated Room size/ WWR Window Window Window Window Shade Lighting Location/Clim Performance metrics
model/real model Area sill size Orientation Properties properties (LPD) ate zones reported
building) height
(Bourgeois Real building/ Simulated W=5mH=3 - 0.95m 1.68 m high South facing Tvis =0.69 Tvis=0.16 15 W/m? Quebec City, --Heating, cooling, and
etal, Box model m Canada lighting EUI
2006a) Rome, Italy
(Lee & Real Building Measured (13.3m *23.6 76% 0.76 m - West and south Tvis =0.75 Tvis = 0.06 16 W/m? New York city --Lighting energy use
Selkowitz, m*3.15m) facing
2006)
(Athanassi Box model Simulation B3m*3m*3 (5% - - - South, North, - Tvis =0.10 15 W/m? Montreal, --Daylight Availability
0s m) 80%) East, and West Canada ratio
Tzempelik --Work plane
0s & illuminance
Athienitis, --Cooling heating and
2007) lighting load
(Wankana Box model Simulation Bm*46m=* 40% - - South, North, Tvis = Tvis = 9.9 W/m? Minneapolis, --Heating, cooling, and
pon & 3.7m) East, and West (0.7/0.48) 0.14/0.04 MN and lighting EUI
Mistrick, Houston, TX
n.d.)
(Shen and Box model Simulation Bm*4m=*3 (15%, 0.8m (1.5*1.2m) South, North, 1%, 3%, 7% - Chicago, IL -UDI bins (100 - 2000
Athanasios m) 30%, (2.0*1.8m) East, and West and 10 % Philadelphia, Lux)
Tzempelik (30m*40m* 50% and (3.0*2.0m) openness PA -Daylight autonomy
o0s, n.d.) 3m) 70%) (40*2.1m) Los Angeles
CA
(Athanasio Box model Simulation 4m*4m*3 (20%, - (3.0*1.6m) South, North, Tvis = 5%, 10% and 10 Wim? Philadelphia, --% times shades open
s m) 40% and East, and West (0.75/0.484) 15% openness PA --UDI, DA
Tzempelik 60%) --Cooling, heating, and
0s & Shen, lighting EUI
2013)
(Konstantz Real building Measured data GBm*52m=* 60% - - South Tvis = Tvis = 0.05 - West Lafayette, --DGP
osetal. 3.4m) (0.65/0.786) IN --Work plane
2015) Illuminance
(Xiong & Real building Measured data Gm*52m=* 60% - - South Tvis = Tvis = 0.05 - West Lafayette, --DGP
Tzempelik 3.4m) (0.65/0.786) IN --Work plane
0s, 2016) Illuminance
--Vertical Illuminance
(A. M. Box model Simulation (10m*10m* - - (9*15m) South and East - - 10.6 W Rome, Italy --Daylight Autonomy
Atzeri et 3m) m? (sDA)
al., 2018) --Comfort Availability
(CA)
--Comfort Usability
(Cv)
--Heating, cooling, and
lighting
(Do & Box model Simulation Bm*7m*33 - 0.8 (3*25m) Tvis = - Taipei, New --cDA and DGPs
Chan, m) South and west Tvis =0.7 York city
0.50/0.01
2020)
(Kunwar et Test facility Measured data 24.7 m? 48% - 6.88 m? 12 Wim? Ankeny, 1A --Work plane
al., 2019b) + simulation South, East and Tvis = Tvis = illuminance
West 0.8/0.656 0.12/0.01 --UDI, DGPs
--Lighting energy
(de Vries Box Model Simulation 45m (45m*6 80% - 10.9 Amsterdam --DGPs
etal., m*3m) South Tvis =0.82 Tvis =0.013 wWim? (The --Vertical llluminance
2021) Netherlands)

28




Table 2-2 (cont’d)

(Kunwar Prototype model Simulation 4,982 m? 33% - - 16.89 Houston (2A)
& W/m? Los Angeles
Bhandari, and 8.5 (3B-CA),
2020) W/m? Washington DC
South, East and _ (4A), Seattle
West VT =0.12 (“c),
Chicago (5A),
and
Minneapolis
(6A.
(Do & Box model Simulation (12mx15m x (0%, 0.825 (12*3.3m) Taipei --Lighting energy saving
Chan, 3.3 m)- 10%, Tvis = --Glare prevention
2021) 20%, North, South, 0.04/0.08/0 Tvis = --View
30%, West ’ 1(') ’ 0.04/0.08/0.10
40% and
50%)
(A. Atzeri Box model Simulation 100m? (h=3 - - (9*15m) 12 Wim? Rome, Italy --Heating, cooling, and
etal, m) (9*2.5m) (South) Tvis = lighting
2014) (South + North) 0.439/0.205/ Tvis = --PMV (Predicted Mean
(East) 0.391/0.191 0.16/0.10/0.06 Vote when solar
(East + West) irradiation hits the
occupant)
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The remainder of this research is organized as follows, Section 2 discusses the Baseline Model
selection and the overall workflow of the study including the implemented range of shading and
lighting strategies. Section 3 includes the results and discussion whereas Section 4 includes the
conclusions for the study.

2.2 MODEL SETUP AND WORKFLOW

This section discusses the model setup and inputs for the daylighting and energy model and the
implemented shading and lighting strategies. RADIANCE v5.4 is used for the daylighting model,
whereas EnergyPlus v8.9.0 is used for the energy model. These two modeling tools are used in a
Ladybug and Honeybee v1.1.0 (Ladybug tools) environment, a plugin for Rhino3D, and
Grasshopper (Rhino 3D v6.0).

2.2.1 Selection of Baseline Model

The small office building from the U.S. DOE Commercial Prototype Building models (US DOE
2022) was used as the Baseline Model as shown in Figure 2-1. The ASHRAE 90.1-2004 code
version is chosen for the study, as its EUI best resembles the EUI of the existing office buildings.
Table 2-3 compares the total site EUI for the ASHRAE 90.1-2004 office building with the EUI for
existing office buildings from Building Performance Database (BPD) for climate zones 2A, 4A,

5A, and 7.
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Figure 2-1 ASHRAE 90.1-2004 DOE Commercial Prototype model for small office building

Table 2-3 Energy Use Intensity (EUI) for Prototype Building model in in KWh/m?

Climate zone ASHRAE 90.1-2004 model EUI BPD median EUI (building count)
2A 141.9 176.6 (2730)
4A 129.3 198.7 (8758)
5A 138.8 208.2 (7042)
7 176.6 214.5 (158)

The small office building model has five conditioned zones (four perimeter zones and one core
zone). This study is focused on the perimeter zones since shading controls impact these zones. The
south-facing and north-facing zones have six windows each (WWR 25%), whereas the east-facing
and west-facing zones have four windows each (WWR 20%). The Baseline Model does not have
any shading devices or lighting control. The total area of the small office building is 511 m?.
Additional details on the DOE building models are well documented (Deru et al., 2011).

2.2.2 Overall Modeling workflow

The modeling was completed following a three-step process, as shown in Figure 2-2. Step (i) was
the zone-level daylight modeling using RADIANCE to generate illuminance values. Step (ii)
selecting shade position and lighting level based on the illuminance values generated and the

control strategy discussed in Section 2.3. Step (iii) updates the selected shading and lighting levels
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in the Baseline Model. The Baseline model and updated model with the control strategy is

simulated to compare the differences.

b U? DOEd ! >] For each perimeter zones i *  HVAC operation (heating/cooling) 1
aseine moce | ! = Occupancy (occupied/non- occ)
v : = Sky conditions (sunny/overcast) |
Baseline model 8{/: temperature (high/low) ]
modifications i
Y
Daylighting
I Export zone geometry | lluminance model
[ Window and shade BSDF files | Q{ Run daylighting model ]» > val:?‘z(szr all =
| Sensor locations | RORONS a Ia"ce
| .
¥ v L Task Tuning factor srl;;?lgtts:::t?ol
Select control mode Select shade = SRR Occupancy factor
(based inputs) position b@@‘ Daylighting factor
Target workplace illuminance @ '
[ Addshades | | Updatedlighting | Eroray
simulation
Run Baseli Run updated EnergyPlus
EnergyPlus model model —

HVAC and lighting energy consumption
HVAC and lighting demand
Thermal comfort (PMV and PPD)

Figure 2-2 Overall modeling workflow
RADIANCE (3-phase matrix method) was used to model the illuminance at sensor points in the
room (Figure 2-2), as the model uses dynamic shading devices without any external non-coplanar
shading surface such as a window overhang (Subramaniam, 2017). Each perimeter zone was
modeled independently. The main inputs used by the daylighting model are explained below.

(i) Zone geometry was imported from the DOE Prototype small office building. Typical
assumptions for surface reflectance values for opaque surfaces such as walls, floors, and
ceiling were used (Jakubiec, 2016).

(i) The BSDF files for windows and shades were generated using WINDOW LBNL v7.7. The
layers and properties used for windows are specified in Table 2-4. To mimic the lowering of

shades gradually, the exterior windows were divided into ten equal horizontal sections (fully
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closed, 90% closed, ... 10% closed, fully open), as shown in Figure 2. Thus, the shades were
simulated to open or close in increments of 0.15 meters.

Table 2-4 Layers for glazing and its properties

Glazing layers Thickness Visi_ble Visible Emissivity Conductivity
(mm) transmittance reflectance (W/m-K)
Glass 5.8 0.493 0.378 0.84 1
Air gap 6 - - - -
Glass 5.7 0.771 0.079 0.84 1
Air gap 35 - - - -
Roller shades
(5% openness) 0.59 0.57 0.2 0.8 0.3

(iii) Sensor location: Illuminance values were determined for two sensor locations. The vertical
sensor and the work plane sensor are located 1.6 m away from the window and at a height of
1.2 mand 0.76 m, respectively. The vertical sensor was positioned to face the window while
the work plane sensor was positioned to face the ceiling, as shown in Figure 2-3. The distance
of 1.6 m was chosen based on the Prototype Building model’s (ASHRAE 90.1-2010) default

location for daylighting sensor points.

Inside Window —(1.83 m X 1.5 m)

Outside

V1
SN2

“«——>
0.915m 0.915m

Floor

(a) (b)
Figure 2-3 (a) side view (b) front view for sensor location with respect to the window

(Note: V1 is a vertical sensor and is located at 1.6 m from the window (height 1.2 m - facing the window), and W1 is
the work plane sensor located at 1.6 m from the window (height 0.76 m - facing the ceiling))

33



The daylighting model generates annual illuminance values for both the vertical and the work-
plane sensors for various shade positions. Figure 2-4 shows the illuminance values for the vertical
and the work-plane sensors for 11 shade positions (fully closed, 90% closed, 80% closed, ... 10%
closed, fully open) for the south-facing zone for the summer solstice (20th June). Similarly, Figure

2-5 shows the winter solstice (21st December).

llluminance at vertical sensor (all positions) llluminance at vertical sensor (all positions)
2500
200 — shades_fully_open
2000 shades_10%_closed
= 2000 = — shades_20%_closed
é. é 1500 — shades_30%_closed
¥ 1500 Y ~— shades_40%_closed
s H — shades_50%_closed
c e
= = 1000 9
£ 1000 £ shades_60%_closed
2 2 — shades_70%_closed
500 shades_80%_closed
500 shades_90% closed
— shades_fully_closed
0 0
0 5 10 15 20 0 5 10 15 20
hour hour
llluminance at vertical sensor (all positions) llluminance at vertical sensor (all positions)
3500 1 700
3000 600
= 2500 4 =
x * 500
El 3
; 2000 § 400
E g
g 1500 £ 300 shades_fully_open
=2 2 shades_25%_closed
= 1000 = = -
20 — shades_50%_closed
500 100 — shades_75%_closed
N ~ shades_fully_closed
01 0
o 5 10 15 20 0 5 10 15 20
hour hour

Figure 2-4 Illuminance values for vertical sensor on the summer solstice (left) and winter
solstice(right) for small office building (top) and medium office building (bottom) for the south
facing zone. (for medium sized office building the shades are lowered in 5 levels)
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Figure 2-5 Illuminance values for the work-plane sensor on the summer solstice (left) and winter
solstice(right) for small office buildings (top) and medium office building (bottom) for the south
(iv) Weather data: TMY3 (Typical Metrological Year) files were used for the daylighting and

energy simulation (Wilcox and Marion, 2008). The simulation was run for ASHRAE climate

zones CZ2A (Tampa, FL; hot humid); CZ4A (New York City, NY; Mixed Humid), CZ5A
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facing zone

(Lansing, MI; cool humid) and CZ7 International Falls, MN; very cold)

2.2.3 Control strategies

Based on the literature review, a range of control strategies to adjust shades and lighting were
chosen. A description of control strategies used in this study is listed in Table 2-5. These strategies
are divided into four categories (a) Baseline Model (BAM) is a model without any automated
controls and is used as a basis of comparison for all the automated control strategies. Two Baseline
Models are used, one with the shades fully open and the other with the shades fully closed (b)
Manual Control Strategies (MCS), where occupants are assumed to adjust the shading manually.

In the current study dynamic manual control strategy is based on (Reinhart 2004). In this strategy,
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when direct solar irradiance is higher than 50 W/m2, the shades are closed. The shades remain
closed throughout the day and are assumed to be opened each morning by the occupant. (c)
Independent Control Strategies (IDS), use a single variable, either solar radiation or glare, as input
to automate shades and lighting levels. (d) Integrated Control Strategies (IGS) combines the IDS
logic with additional input variables such as Work plane Protection Position (WPP), occupancy-
based control, and HVAC state to determine shading and lighting levels. LED lights with an LPD
of 6.8 W/m2 are assumed for the control strategies. The LPD values were taken from the DOE
Prototype Building model for a small office building (ASHRAE 90.1-2010) for LED lights.

For the Independent control strategy using glare, DGPs (Simplified Daylight Glare Probability)
was used [14]. DGPs is a simplified version of DGP (Daylight Glare probability) based only on
the vertical illuminance at eye level (Ev) and is calculated using the following equation.

DGPs = 6.22  10-5 (Ev) + 0.184

DGPs value below 0.35 was considered imperceptible, 0.35 - 0.4 perceptible, 0.4 - 0.45 disturbing
and above 0.45 are intolerable. Imperceptible DGPs are visually comfortable for the occupants
while the other three categories of DGPs can cause visual discomfort. Figure 2-6 and 2-7 shows

the DGPs values for all the perimeter zones for a fully open position.
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Shade Position / Zone / Shade Location DGPs level
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Figure 2-6 DGPs category by percentage for each month for all zones for fully open shade
position
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Table 2-5 Control Strategies compared in the study

mode, to maintain visual comfort and maximize the
radiation entering the space.

Day/night: Night is sun below the horizon; day is above the
horizon. Occupancy control: space is considered
unoccupied if the occupancy factor is less than 0.1.

. Shading action & Shadin N . Lightin L
. Strategy sub | Abbrevia g g Lighting action & ghting . . Sensitivity
Strategy bin . threshold sensor sensor Shade operation description .
type tion . threshold . Analysis
location location
. No shades (full No lightin
. Baseline 1 BAM_1 (fully - gnting - No shades -
Baseline Model - open) controls
BAM . ighti -
( ) Baseline 2 BAM_2 Shades fully - No lighting - Shades fully closed
- closed controls
Shades are fully opened by the occupants each morning and Sensitivity for
Manual Control MCS Manually adjusted | On the roof, No lighting are fully closed and remain closed throughout the day if solar radiation
Strategy (MCS) by occupants facing up controls direct sunlight hits the occupants with direct solar irradiance threshold (50-
higher than 50 W/m?. 250 W/m?)
No shades No shades
with lighting | IDS_LC No shades - 500 lux at W1 [ w1 -
control
Shades fully close if the solar radiation at the sensor located
DS SU Solar radiation > On the roof, on the roof is above a threshold value. SU stands for control o
Usi | - threshold facing up using Solar radiation and a sensor facing Up towards the Sensitivity for
sSing solar | iati
i tg S shades are fully 500 lux at W1 @ wi [ sky. fﬁrzgngd'a(;g'j
radiation (S) closed (else fully On the roof, Same as IDS_SU, but the sensor faces the horizon. SH ;
- . o ) 250 W/m?)
Independent IDS _SH open) facing stands for control using Solar radiation and a sensor facing
Control Strategy horizon the Horizon.
(IDS) If DGPs > 0.35 Shades are automated to fully close if DGPs is higher than
DS GS shades are fully Vil 500 lux at W1 @ Wi 0.35 at the vertical sensor V1 [f?]. GS stands for control using i
- closed Glare control using a Single window section (that is, shades
Using glare (else fully open) are either fully open or fully closed).
(G) Shades are automated to fully close in increments of 0.15 m
If DGPs > 0.35 if DGPs is higher than 0.35 at the vertical sensor V1 [, GM
IDS_GM shade closes in V1Pl 500 lux at w1 @ w1 i@l stands for control using Glare and Multiple window -
increments of 0.15 sections (that is, shades are either fully open, 10% closed,
20% closed, ....90% closed and fully closed).
Independent Control Strategy with WPP, occupancy,
day/night, and HVAC state; detailed operation modes are
listed in Table 6.
WPP: Shades are lowered to WPP irrespective of
illuminance values when the solar radiation is higher than
Integrated 50 W/m*
Control Strategy - IGS Based on control modes based on Table 6 HVAC state: In cooling mode, to maintain visual comfort -
(1GS) and minimize the radiation entering the space; in heating

Note: [a] for location of W1 and V1, see Figure 2; (All strategies use LED lights with a LPD of 6.8 W/m?)
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The IGS developed by the author, is divided into several control modes based on the binary state
of various variables. For instance, visual comfort is not considered during unoccupied modes, and
the shade positions are selected to just to minimize or maximize solar radiation entering the space
during cooling and heating modes, respectively. Thus, during occupied timesteps visual comfort
is given priority. The shades remain fully open or closed during the night based on (E. Shen et al.,
2014). Other modes are shown in Table 2-6 and Figure A.1 in Appendix A.

Table 2-6 Control modes variables and strategies for Integrated Control Strategy

Control Mode Variables Shade and light control strategies
Control Target work
_mode HVAC Day Oceupied/ Sunny/ . Target Lighting control . pl'fme
index . Non- Shade control operation vertical . illuminance
state /Night ; Overcast . . operation .
occupied illuminance (daylight +
artificial)
Mode 1 Cooling | Night | Non-occupied - Fully open shades -- Switch off lights
Mode 2 Cooling | Night Occupied - Fully open shades -- Limit to target 500 lux
Mode 3 Cooling | Night | Non-occupied - Fully close shades -- Switch off lights
Mode 4 Cooling Day Occupied Overcast Range (full open, full close) [ 2600 lux Limit to target 500 lux
Mode 5 Cooling Day Occupied Sunny Range (WPP, full close) [1 2600 lux Limit to target 500 lux
Mode 6 Heating Night | Non-occupied - Fully close shades -- Switch off lights
Mode 7 Heating Night Occupied - Fully close shades -- Limit to target 500 lux
Mode 8 Heating Day Non-occupied - Fully open shades -- Switch off lights
Mode 9 Heating Day Occupied Overcast Range (full open, full close) [ 2600 lux Limit to target 500 lux
Mode 10 Heating Day Occupied Sunny Range (WPP, full close) [] 2600 lux Limit to target 500 lux

Note: [a] In Mode 4 and Mode 9 the shades are operated between the fully open position and a fully closed position as it is overcast
with no risk of sunlight reaching occupants; [b] In Mode 5 and Mode 10 the shades are operated between the WPP and fully closed
position as it is sunny and with risk of sunlight reaching occupants if the shades are opened more than WPP

Figure 2-8 below shows the control modes chosen based in Table 2-6 for the summer solstice (20th
June) and winter solstice (21st December) for all four zones. The Figure below highlights the
model switching between modes at an hourly level based on the input variables to create a dynamic
control model. Figure 2-9 further shows which shade position was selected based on the selected

control model for the summer solstice (20th June) and winter solstice (21st December) whereas
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Figure 2-10 shows the Shade selection for the entire year for all four zones. For all Figures 2-8, 2-

9 and 2-10 zone 1 is south facing, zone 2 is east facing, zone 3 is north facing and zone 4 is west

facing)
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Figure 2-8 Control modes for all perimeter zones on summer (left) and winter (right) solstice
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Figure 2-9 Selected shade position for all perimeter zones on summer (left) and winter (right)
solstice
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Selected shade position for zone 1 (South facing) Selected shade position for zone 2 (East facing)
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Figure 2-10 Annual selected shade position for all perimeter zones

The shading and lighting action for each control mode is also shown in Table 2-6. Based on the
mode, the shades are either fully open or fully closed or a shade position is selected to limit the
vertical illuminance value to 2600 lux (equivalent to DGPs > 0.35). For the selected shade position,
a lighting level is chosen such that the target work plane illuminance is 500 lux during occupied
periods, and lights are switched off during unoccupied periods. The selected shading position and
lighting level are updated in the EnergyPlus model and simulated.
2.2.4 Performance metrics
(a) Percent time’s view to the outside: View to the outside is the percentage of times
throughout the year between 8 am and 5 pm when the occupant has a view to the outside.

For instance, for BAM_1 (no shades) the view to the outside is 100 %, whereas for BAM_2
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(shade fully closed) the view to the outside is 0 %. For all the other control strategies (MCS,
IDS, and IGS) the view to the outside is somewhere in between 0 % and 100 %.

(b) Percent time’s glare is perceptible: Percent of times throughout the year between 8 am
and 5 pm when the glare is perceptible (DGPs > 0.35) is calculated at sensor position V1
for all orientations separately. Additional information on the quality of discomfort due to
glare is also provided for (i) Perceptible glare (0.35 <= DGPs < 0.4) (ii) disturbing glare
(0.4 <= DGPs < 0.45) and (iii) Intolerable glare (GDPs> 0.45).

(c) Evaluate EUI: The annual EUI for the entire building is calculated as the summation of
cooling, heating, and lighting energy divided by the total area for the entire building.
Heating, cooling, and lighting EUI are expressed in kWh/m? The building assumes ldeal
air loads for HVAC calculations.

2.3 RESULTS AND DISCUSSION

The results and discussion section compares the visual comfort and energy use results for
ASHRAE CZ5A for four (4) zone orientations (South, East, North, and West) for all the control
strategies discussed in Table 2-5. The average visual comfort and energy use values of all the
perimeter zones are also compared for four (4) ASHRAE climate zones (CZ2A, CZ4A, CZ5A,
and CZ7). The results are organized such that the changes for visual comfort metrics, such as view
to the outside and glare, are discussed in Section 3.1.1 for both zone orientation and climate zones
whereas the energy use results, such as lighting loads and total loads are compared in Section 3.1.2.

Section 3.2 compares and discusses the main insights for the results shown below.
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2.3.1 Results

2.3.1.1 Visual Comfort by Zone Orientation and Climate zones

Figures 2-11 and 2-12 (Table 2-7 and 2-8) include the annual percentage of time occupants have
a view to the outside and the percentage of time that glare is perceptible (DGPs>0.35) between the
operating hours of 8 am to 5 pm. Figures compare the Baseline Models (BAM) to the MCS, IDS,
and IGS control strategies. For IDS, various solar radiation thresholds are used. These threshold
values are included in each strategy’s name in the figure. Each figure (Figures 2-11 and 2-12) is
followed by a table below (Table 2-7 and 2-8) that includes the absolute value of the result variable
(view to the exterior/glare) for all control strategies and the percent change in performance (in the
parenthesis below) of that control strategy to the baseline model BAM_1. The authors show only
a percentage difference to the BAM_1. However, percentage change for other control strategies
(IDS and IGS) can be calculated to the other Baseline Model (BAM _2) or Manual Control Strategy
(MCS) based on values provided in Table 2-11 and 2-12.

In Figure 2-11, the percentage of times when DGPs > 0.35 is shown for each control strategy,
additionally information on the quality of discomfort due to glare is also provided in square
brackets. This shows when the glare is perceptible (0.35 <= DGPs < 0.4), disturbing (0.4 <= DGPs
< 0.45) and intolerable (GDPs> 0.45). For instance [4.5/1.8/8.4] in the table denotes that glare is
perceptible for 4.5 % of hours, disturbing for 1.8% of the hours, and intolerable for 8.4 % of hours
(with a total for 14.71 % of hours where DGPs > 0.35). Like Figure 2-11 and 2-12 (with Table 2-
7 and 2-8) which show results by zone orientation, Figures 2-13 and 2-14 (with Table 2-9 and 2-
10) show the results for times viewed to the outside and the percentage times glare exceeds > 0.35

by climate zones.

43



=2 South
B East
E= North m
== West

Z3 Average M

100 ] >

Percent times view to outside (%)

i
.

i

BAM_1
BAM 2
MCS_50
MCS_250
IDS_LC
IDS_GS
IDS_GM
IGS

IDS_SU 50
IDS_SU_250
IDS_HU 50
IDS_HU_250

Figure 2-11 Annual percent time occupants have views to the outside from 8 am to 5 pm

Table 2-7 Annual percent time occupants have views to the outside from 8 am to 5 pm (Note:
The value in parentheses is the % change with respect to the BAM_1)

BAM_1 | BAM_2 | Mcss0 | mcs2s0 | ipsic | psssuso | ips.su2so | ibs_Huso | ibs_Hu_2s0 | bs_Gs | IDs_am 1Gs
74.05 87.73 100.0 7.89 431 12,08 65.04 74.25 93.1 92.05
South 1000 00 (-25.95) (-12.27) (0.0) (-92.11) (-56.9) (-87.92) (-34.96) (-25.75) (-6.9) (-7.95)
61.37 100.0 100.0 7.89 431 19.12 82.33 86.9 91.62 90.38
East 100.0 0.0
(-38.63) (0.0 (0.0) (-92.11) (-56.9) (-80.88) (-17.67) (-13.1) (-8.38) (-9.62)
1000 100.0 100.0 7.89 431 24.77 99.84 99.89 100.0 98.68
North 100.0 00 (0.0) (0.0) (0.0) (-92.11) (-56.9) (-75.23) (-0.16) (-0.11) (0.0) (1.32)
90.49 100.0 100.0 7.89 431 17.18 78.66 81.1 86.96 85.45
West 1000 0.0 (-9.51) (0.0) (0.0) (-92.11) (-56.9) (-82.82) (-21.34) (-18.9) (-13.04) | (1455
Average 1000 00 81.48 96.93 100.0 7.89 431 18.29 81.47 85.53 92.92 91.64
g - : (-18.52) (-3.07) (0.0) (-92.11) (-56.9) (-81.71) (-18.53) (-14.47) (-7.08) (-8.36)
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Figure 2-12 Annual percent of time glare occurs (DGPs > 0.35) from 8 am to 5 pm

Table 2-8 Annual percent of time glare occurs (DGPs > 0.35) from 8 am to 5 pm (Note: The
value in parentheses is the % change with respect to the BAM_1)

IDS_S IDS_H! IDS_HU_2!
BAM_1 BAM_2 MCS_50 MCS_250 IDS_LC S_O v_s IDS_SU_250 S_O u_s S OU_ s IDS_GS IDS_GM IGS
3016 2222 2384 30.16 0.0 126 0.0 559 0.0 0.0 0.0
South 123/4.1/13.8] 10.0/0.0/0.0] [11.5/3.4/7.3] [11.8/3.6/8.4] [12.3/4.1/13.8] [0.0/0.0/0.0] [0.4/0.2/0.6] [0.0/0.0/0.0] [2.0/1.0/2.5] [0.0/0.0/0.0] [0.0/0.0/0.0] [0.0/0.0/0.0]
S : (-26.34) (-20.98) (0.0) (-100.0) (-95.82) (-100.0) (-81.47) (-100.0) (-100.0) (-100.0)
171 k 1471 1471 0.0 0.96 0.0 244 0.0 0.0
East 145/18/8.4] 10.0/0.0/0.0] [1.3/0.6/2.4] [45/1.8/8.4] [4.5/1.8/8.4] 0.0/0.0/0.0] [0.5/0.2/0.2] [0.0/0.0/0.0] [1.0/0.4/1.1] [0.0/0.0/0.0] [0.0/0.0/0.0] [0.0/0.0/0.0]
o : : (-70.58) (0.0) (0.0) (-100.0) (-93.48) (-100.0) (-83.43) (-100.0) (-100.0) (-100.0)
02 . . 0.22 0.0 00 0.0 0.08 0.0 0.0
North 0.2/00/0.0] 10.0/0.0/0.0] (0.2/0.0/0.0] [0.2/0.0/0.0) (0.2/0.0/0.0] [0.0/0.0/0.0) [0.0/0.0/0.0] [0.0/0.0/0.0) [0.1/0.0/0.0] (0.0/0.0/0.0] [0.0/0.0/0.0) [0.0/0.0/0.0)
e : : (0.0) (0.0) (0.0) (-100.0) (-100.0) (-100.0) (-62.5) (-100.0) (-100.0) (-100.0)
1995 00 1233 19.95 19.95 0.0 . 0.0 4.03 0.0 0.0
West 13.8/2.5/13.6] 10.0/0.0/0.0] (3.6/2.4/6.2] [3.8/2.5/13.6] [3.8/2.5/13.6] [0.0/0.0/0.0] [0.6/1.0/5.9] [0.0/0.0/0.0] [1.2/0.5/2.4] [0.0/0.0/0.0] [0.0/0.0/0.0] [0.0/0.0/0.0]
: : : (-38.19) (0.0) (0.0) (-100.0) (62.23) (-100.0) (-79.81) (-100.0) (-100.0) (-100.0)
1626 00 9.77 14.68 16.26 0.0 244 0.0 3.03 0.0 0.0 0.0
Average 15:2/2.1/9.0] 10.0/0.0/0.0] [4.2/1.6/4.0] [5.1/2.0/7.6] [5.2/2.1/9.0] [0.0/0.0/0.0] [0.4/0.4/1.7) [0.0/0.0/0.0] [1.1/0.5/1.5] [0.0/0.0/0.0] [0.0/0.0/0.0] [0.0/0.0/0.0)
- (-39.89) (9.73) (0.0) (-100.0) (-85.0) (-100.0) (-81.34) (-100.0) (-100.0) (-100.0)
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Figure 2-13 Annual percent of times view to the outside from 8 am to 5 pm, by ASHRAE
climate zone

Table 2-9 Annual percent of times view to the outside from 8 am to 5 pm, by ASHRAE climate

zone (Note: The value in parentheses is the % change with respect to the BAM_1)

BAM_1 | BAM_2 MCSs_50 MCS_250 IDS_LC IDS_SU_50 IDS_SU_250 IDS_HU_50 IDS_HU_250 IDS_GS IDS_GM 1GS
P 1000 00 84.41 98.71 100.0 3.56 24.41 14.29 74.76 83.03 91.66 91.1
(-15.59) (-1.29) (0.0) (-96.44) (-75.59) (-85.71) (-25.24) (-16.97) (-8.34) (-8.9)
zan 1000 00 79.47 95.49 100.0 10.16 41.07 22.51 78.41 81.8 90.52 9.3
(-20.53) (-4.51) (0.0) (-89.84) (-58.93) (-77.49) (-21.59) (-18.2) (-9.48) (5.7)
P 1000 0.0 81.48 96.93 100.0 7.89 431 18.29 81.47 85.53 92.92 91.64
(-18.52) (-3.07) (0.0) (-92.11) (-56.9) (-81.71) (-18.53) (-14.47) (-7.08) (-8.36)
- 1000 00 79.95 95.64 100.0 10.49 50.0 25.03 81.64 84.63 95.26 88.61
' . (-20.05) (-4.36) (0.0) (-89.51) (-50.0) (-74.97) (-18.36) (-15.37) (-4.74) (-11.39)
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Figure 2-14 Annual percent of times glare (DGPs >0.35) from 8 am to 5 pm, by ASHRAE
climate zone

Table 2-10 Annual percent of times glare (DGPs >0.35) from 8 am to 5 pm, by ASHRAE
climate zone (Note: The value in parentheses is the % change with respect to the BAM_1)

BAM_1 BAM_2 MCS_50 MCSs_250 IDS_LC IDS_SU_50 IDS_SU_250 IDS_HU_50 IDS_HU_250 IDS_GS IDS_GM IGS
2014 00 1113 15.73 20.14 0.0 244 0.0 207 0.0 0.0 0.0
Cz22A 14.0/2.5/9.9] 10.0/0.0/0.0] [3.4/2.1/5.6] [3.9/2.4/9.4] [4.0/2.5/9.9] [0.0/0.0/0.0] [0.4/0.4/1.7) [0.0/0.0/0.0] [0.6/0.3/1.1] [0.0/0.0/0.0] [0.0/0.0/0.0] [0.0/0.0/0.0]
: : (-44.73) (-21.87) (0.0) (-100.0) (-87.89) (-100.0) (-89.73) (-100.0) (-100.0) (-100.0)
1742 008 10.06 15.12 17.42 0.0 4.08 0.0 44 0.0 0.0 0.0
Cz4A 14.5/22/107) 10.0/0.0/0.0] [3.8/1.4/4.9) (4.5/2.1/8.6] (4.5/2.2/107) [0.0/0.0/0.0) [0.9/0.5/2.7) [0.0/0.0/0.0) [1.6/0.6/2.2] [0.0/0.0/0.0) [0.0/0.0/0.0) [0.0/0.0/0.0]
§ . . (-42.23) (13.21) (0.0) (-100.0) (-76.6) (-100.0) (-74.75) (-100.0) (-100.0) (-100.0)
1626 00 977 14.68 16.26 0.0 244 0.0 3.03 0.0 0.0 0.0
CZ5A 15:2/2.1/90] 10.0/0.0/0.0] [4.2/1.6/4.0] [5.1/2.0/7.6] [5.2/2.1/9.0] [0.0/0.0/0.0] [0.4/0.4/1.7) [0.0/0.0/0.0] [1.1/0.5/1.5] [0.0/0.0/0.0] [0.0/0.0/0.0] [0.0/0.0/0.0]
: : : : (-39.89) (9.73) (0.0) (-100.0) (-85.0) (-100.0) (-81.34) (-100.0) (-100.0) (-100.0)
1488 00 8.27 12.86 14.88 0.0 3.61 0.0 4.05 0.0 0.0 0.0
cz7 14.0/2.0/8.9] 10.0/0.0/0.0] [3.:2/1.5/3.6] (3.8/1.9/7.1] (4.0/2.0/8.9] [0.0/0.0/0.0] [0.7/0.4/2.4] [0.0/0.0/0.0] [1.4/0.6/2.1] [0.0/0.0/0.0] [0.0/0.0/0.0] [0.0/0.0/0.0]
(-44.45) (-13.62) (0.0) (-100.0) (-75.75) (-100.0) (-72.76) (-100.0) (-100.0) (-100.0)

Manual Control Strateqy (MCS): Based on Figures 2-11 and 2-12, if Manual Control Strategy

(MCS) is used, on average, there is a reduction in views to the outside by 18% for MCS_50 (most
for South and East zone) and 3% for MCS_250 (most for South zone) as compared to BAM_1 for
CZ5A. When comparing other climate zones with MCS, on average, the reduction in views to the
outside is around 16-20% for MCS_50 and 1-5% for MCS_250.

For CZ5A using MCS_50, the range for glare reduction is 40-70% (mainly East, West, and South),
and for MCS_250, a 20% reduction in glare in the South (East, West, and North sides are
unaffected). Thus, it is preferable for the East and the South zones to follow an MCS with a lower
solar radiation threshold for better visual comfort as compared to a baseline with no shades. No
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MCS is necessary for the north side as a view to the outside is maximum, with the percentage
times the glare values exceeding the 0.35 threshold being zero. Furthermore, there is an average
45% reduction in glare for all climate zones for MCS_50 and a 10-20% reduction for MCS_250
(highest for CZ2A around 20%).

Independent Control Strategy (IDS): Based on Figure 2-11, IDS_LC, with just lighting control,

has the same visual comfort performance as baseline model BAM 1, as neither use shades.
Independent Control Strategy with the sensor facing the horizon (IDS_SH 50 and IDS_SH_250)
results in more hours with a view to the outside as compared to the sensor facing up (IDS_SU_50
and IDS_SU 250). This change is small between IDS_SH 50 and IDS_SU_50, whereas this
change is significant between IDS_SH_250 and IDS_SU_250. Additionally, when comparing
climate zones, the percentage of the time with views to the outside for IDS_SU_250 is 25-50%
lower as compared to BAM_1, while for IDS_SH_250, it is 75-82% lower as compared to BAM _1.
When comparing different climate zones for glare values (shown in Figure 2-13), Independent
Control Strategy (IDS_SU_250) has 50-100 more hours with DGPs > 0.35 as compared
(IDS_SH_250). Both IDS_SU_50 and IDS_SU_50 have no observed glare conditions. IDS using
the glare metric (IDS_GS and IDS_GM) performs better than both IDS using solar radiation
(IDS_SH_250 and IDS_SU_250) in terms of both views to the outside and annual glare values for
all climate zones. IDS_GM performs slightly better than IDS_GS in providing views to the outside
for an additional 300 hours, with glare values being zero in both cases.

Integrated Control Strategy (IGS): Integrated Control Strategy which uses WPP, occupancy,

day/night, and HVAC state to select shading and lighting levels when compared to 1IGS_MS

reduces views to the outside by approximately 20-200 hours annually as compared to IDS_GM
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based on Figure 2-13. The decrease is most significant for CZ7 and lowest for CZ2A. For both
IGS and IDS_GM, the glare values are zero hours annually.

Overall comparison for visual comfort by zone orientation and climate zones

Using the absolute values from Figure 2-11 and Figure 2-12 for percentage of times view to the
outdoors and percentage of times glare is present, Table 2-11 and 2-12 are generated to order the
performance for each control strategy by zone orientation from more hours of view to the outside
to less hours of view to the outside in Table 2-11 and from less hours with glare to more hours of
glare in Table 2-12. Top best cases from Table 2-11 and 2-12. Table 2-13 and 2-14 provide similar
results by climate zones.

Table 2-11 Summary of results for visual comfort by zone orientation

Control | Performance order for control strategies (% view to outside)

strategy | More view to the outside €============+=) | ess view to the outside

South IDS LC LED > IDS GM LED >IGS LED >MCS_LED 250 > IDS_GS_LED > MCS_LED 50
IDS_SH_LED 50 >IDS_SU_LED 50 >IDS_SH_LED 50 > IDS_SU_LED_50

East IDS LC LED > MCS LED 250 > IDS GM LED >IGS_LED >IDS_GS_LED > IDS_SH_LED 50
MCS_LED 50 >IDS_SU_LED 50 >IDS_SH_LED 50 > IDS_SU_LED_50

North IDS GM _LED > IDS LC LED > MCS LED 250> MCS_LED 50 >IDS_GS_LED >IDS_SH_LED 50
IGS_LED > IDS_SU_LED 50> IDS SH_LED 50 >1IDS_SU LED 50

West IDS LC LED >MCS LED 250 >MCS LED 50 >IDS_GM_LED > IGS_LED > IDS_GS_LED
IDS SH_LED 50 >1IDS_SU_LED 50 >IDS_SH_LED 50 > IDS_SU_LED 50

Table 2-12 Summary of results for visual comfort by zone orientation

Control | Performance order for control strategies (% times glare)

strategy | Less hours with glare €=============3 More hours with glare

South IDS GM LED > IDS GS LED > IDS SU LED 50 >IGS_LED > IDS_SH_LED 50 > IDS_SU_LED 50
IDS_SH_LED 50 > MCS_LED 50 > MCS_LED 250> IDS_LC_LED

East IDS GM LED > IDS GS LED > IDS SU LED 50 >IGS_LED > IDS_SH_LED 50 > IDS_SU_LED 50
IDS SH _LED 50> MCS_LED 50 >IDS_LC_LED > MCS_LED 250

North IDS GM LED > IDS GS LED >IDS SH LED 50> IDS SU_LED 50 >IGS_LED > IDS_SU_LED 50
IDS_LC LED >IDS_SH_LED 50 > MCS_LED 250 > MCS_LED 50

West IDS GM LED > IDS GS LED > IDS SU LED 50 >IGS_LED > IDS SH_LED 50 >IDS_SH LED 50
IDS_SU_LED 50> MCS_LED 50 >IDS_LC_LED > MCS_LED 250
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Table 2-13 Summary of results for visual comfort by climate zones

Control | Performance order for control strategies (% view to outside)

strategy | More view to the outside €============+=) L ess view to the outside

C79A IDS LC LED >MCS LED 250 >1DS GM LED > IGS_LED >MCS_LED 50 > IDS_GS_LED
IDS_SH_LED 50 >IDS_SU_LED 50 >IDS_SH_LED 50 >IDS_SU_LED 50

CZAA IDS LC LED > MCS LED 250 > IGS LED > IDS_GM_LED > IDS_GS_LED > MCS_LED 50
IDS_SH_LED 50 > IDS_SU_LED 50 > IDS_SH_LED 50 > IDS_SU_LED_50

CZ5A IDS LC LED > MCS LED 250 > IDS GM LED > IGS_LED > IDS_GS_LED > MCS_LED 50
IDS_SH_LED 50 > IDS_SU_LED 50 > IDS_SH_LED 50 > IDS_SU_LED_50

c77 IDS LC LED >MCS LED 250 > IDS GM LED >IGS_LED > IDS_GS_LED > IDS_SH_LED_50
MCS_LED 50> IDS_SU_LED 50 >IDS_SH_LED 50> IDS_SU_LED 50

Table 2-14 Summary of results for visual comfort by climate zone

Control | Performance order for control strategies (% times glare)

strategy | Less hours with glare €=============3 More hours with glare

CZ2A IDS GM LED > IDS GS LED > 1GS LED >IDS_SH_LED 50> IDS_SU_LED 50 > IDS_SH_LED 50
IDS_SU_LED 50 > MCS_LED 50 > MCS_LED 250> IDS_LC_LED

CZAA IGS LED >IDS GM LED >1DS GS LED >IDS_SU_LED 50> IDS_SH_LED 50 >IDS_SU_LED 50
IDS_SH_LED 50 > MCS_LED 50 > MCS_LED 250> IDS_LC_LED

CZEA IDS GM _LED > IDS GS LED > IDS SU LED 50 >1GS_LED > IDS_SH_LED 50 > IDS_SU_LED 50
IDS_SH_LED 50 > MCS_LED 50 > MCS_LED 250> IDS_LC_LED

c77 IDS GM _LED > IDS GS LED > IGS LED > IDS_SU_LED 50> IDS_SH_LED 50 > IDS_SU_LED 50
IDS_SH_LED 50 > MCS_LED 50 > MCS_LED 250> IDS_LC_LED

Appendix B provides charts and data for sensitivity to solar radiation threshold for MCS and both
the Independent Control Strategies (IDS_SH and IDS_SU) for values ranging from 50 W/m? to
250 W/m? in increments for 50 W/m? for solar radiation both by zone orientation for CZ5A and
average values for four ASHRAE climate zones (CZ2A, CZ4A, CZ5A, and CZ7). Further,
Appendix B also provides charts for additional visual comfort variables such as Daylight
Autonomy (DA), Continuous Daylight Autonomy (cDA), and four Useful Daylight Illuminance
(UDI) bins namely UDI100-500 1ux, UDI500-1000 1ux, UDl1000-2000 1ux, @nd UD 2000 1ux for both different
zone orientation and by climate zones.

2.3.1.2 Energy use by Zone Orientation and Climate zones

Figures 2-15 and 2-16 show the lighting and total loads per zone area, referred to as just lighting
EUI and total EUI, respectively. These figures show values for each perimeter zone and an average

value for all the perimeter zones. Like Section 3.1.1, each figure (Figures 2-15 and 2-16) is
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followed by a Table below (Table 2-15 and 2-16) that includes the percent change in performance
for each control strategy to the baseline model BAM_1. Like Figure 2-15 and 2-16 (with Table 2-
15 and 2-16), which show results by zone orientation, Figure 2-17 and 2-18 (with Table 2-17 and
2-18) show the results of average lighting and total energy per zone area for all four perimeter

zones by climate zones.
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Figure 2-15 Comparison of annual lighting EUI by zone orientation

Table 2-15 Comparison of annual lighting EUI by zone orientation (Note: The value in
parentheses is the % change with respect to the BAM_1)

BAM_1 BAM_2 MCS_50 MCS_250 IDS_LC IDS_SU_50 IDS_SU_250 IDS_HU_50 IDS_HU_250 IDS_GS IDS_GM 1GS
South 2675 26.75 2(8(7)? 2(2(7)? (—6%.261) (2729372) (15?)?:;) (—31;.33) (16(;3196) (—:;;9) (—:é?gs) (—gﬁsl
o [ Lo [ [ [ o [an (o [ [m]e e
non | 2675 | oezs | GO0 | 0D | ey | (bas | cosen (1o ey | roten | corse | (3295
west | oers | ae7s |0 L L SR | s | een | re e | o | e | csaon
Average 26.75 2675 2(23? 2(2(7)? (-sgs'.zsn (222223) (269212) (f;zs) (ls%?n (-:fsz) (.:{—337) (-gfgn
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Figure 2-16 Comparison of annual total EUI by zone orientation

Table 2-16 Comparison of annual total EUI by zone orientation (Note: The value in parentheses
is the % change with respect to the BAM_1)

BAM_1 BAM_2 MCS_50 MCS_250 IDS_LC IDS_SU_50 IDS_SU_250 IDS_HU_50 IDS_HU_250 IDS_GS IDS_GM 1GS
sun | seses | so7s2 | Gal | TN |G | e (500 (0e) | tiom | cae | cizes
et | aeess | 207 | SRE0 PO LTS | e 5001 o361 o | on | coen | ciaom
norn | ases2 | aorsr | LS| | e (2001 209 o1 | cone | cioss | cisen
west | 20022 | oao2e | PP PTOE |0 L (50m (281 won | (oam | tesm | caam

mesge | 19838 | aem7 | GO0 RS | TR L S o (250 (oam | coon | ciosn | cins
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Figure 2-17 Comparison of average annual lighting load by climate zone
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Table 2-17: Comparison of average annual lighting load by climate zone (Note: The value in

parentheses is the % change with respect to the BAM_1)

BAM_1 | BAM_2 | Mcss0 | mcs2s0 | st | ips_su_so IDS_SU_250 IDS_HU_50 IDS_HU_250 | 1DS_Gs | IDs_GMm 165

C22A 2675 2675 Z(Z'.Z)E); 2(%.3)? (;'31.23) (}2%277) (1—268.2) (}375.8183) (72'51.35) (7251.24) (;'15;9) (;éo.gs)
C24A 2675 2675 Z(Z'.Z)? 2(%.3)? (7152;‘456) (}z%i?;) (féii) (}373271) (Eﬁ&) (?égf‘e) (72'92.1119) (—:65;4)
asa | 27 | 7s | G |GG | esen | (e (3519 72 (s | weson | ceson | csaon
@ | s | o2ers | S LT | e | aes (3599) (262 oo | (sosn | cesom | csien
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Figure 2-18 Comparison of average annual total load by climate zone
Table 18: Comparison of average annual lighting load by climate zone (Note: The value in
parentheses is the % change with respect to the BAM_1)
BAM_1 BAM_2 MCS_50 MCS_250 IDS_LC IDS_SU_50 IDS_SU_250 IDS_HU_50 IDS_HU_250 IDS_GS IDS_GM 1GS
402.69 403.76 367.29 388.94 383.82 387.7 370.42 369.05 368.12 361.44
C22A 403.78 4013 (-0.27) (-0.01) (-9.04) (-3.68) (-4.95) (-3.98) (-8.26) (-8.6) (-8.83) (-10.49)
199.53 200.19 179.1 190.75 186.38 190.4 176.64 177.03 175.03 172.19
Czan | 20028 | 1997 (-087) (0.54) (11.02) (5.23) (7.4) (5.4) (-12.24) (1205) | (13.04) | (-1445)
198.34 198.65 176.52 192.6 187.07 191.35 178.78 178.4 177.49 174.79
a5A 198.38 | 199.77 (-0.02) (0.13) (-11.02) (2.92) (5.7) (-3.54) (-9.88) (1008) | (1053) (-11.89)
222.82 222.84 204.54 220.68 215.51 221.88 208.37 207.86 207.05 206.16
7 22225 | 22631 (0.25) (0.26) (-7.97) (-0.71) (-3.03) (-0.17) (-6.25) (-6.48) (-6.84) (-7.24)
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Manual Control Strateqy (MCS): As shown in Figure 2-15, for CZ5A, the difference between

the baseline models with shades fully open (BAM _1) and shades fully closed (BAM _2) is slight.
The total EUI for BAM_2, compared to BAM _1, is around 0.6% higher on average for all
perimeter zones. The slight increase in total load between BAM_1 and BAM _2 is due to increased
solar heat gain in space. The total energy use for MCS_250 is between BAM_1 and BAM_2; The
MCS can be used mainly to reduce glare or improve visual comfort in the space without
substantially impacting the total load.

Figures 2-17 and 2-18 show the lighting and total EUI for four (4) climate zones. Between BAM 1
and BAM _2, there is only a slight increase or decrease in total EUI depending upon the climate
zone (0.6% decrease in CZ2A while 1.8% increase in CZ7). For colder climates, a significant part
of the total load comes from heating, and thus, a reduction in solar heat gain increases the total
load by 1.8% for CZ7. On the other hand, for CZ2A, a cooling-dominated region, a reduction in
solar heat gain reduces the total load slightly by approximately 0.6%. MCS, including both
MCS_50 and MCS_250, impacts the total load by 0.25% compared to BAM_1. The main goal of
the MCS_50 and MCS_250 is to reduce glare in space.

Independent Control Strategy (IDS): As shown in Figure 2-15, for CZ5A the IDS with no shades

and only lighting control (IDS_LC) reduces the lighting load by 65% and total load by 11% as
compared to BAM_1 with percent savings similar across all zone orientations. When comparing
the average values between climate zones, in CZ4A and CZ5A, IDS_LC reduces the total load by
11% for CZ4A and CZ5A, while for CZ2A and CZ7, the reduction in the total EUI is 8%. Thus,
overall, the more extreme weather climates such as CZ2A and CZ7 provide a lower percent

reduction in total EUI as compared to the moderate climates such as CZ4A and CZ5A.
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When comparing IDS with a solar radiation threshold with sensor facing the horizon (IDS_SH_50
and IDS_SH_250) and with sensor facing up (IDS_SH 50 and IDS_SH_250) for total load
savings, the IDS with the sensor facing the horizon (IDS_SH_50 and IDS_SH_250) provides
slightly more total load savings as shown in table below Figure 2-15. The trend is similar for all
climate zones, with moderate weather climate zones providing the most savings and extreme
climate zones providing slightly lower savings when compared to their respective baselines. The
values are quantified in Figures 2-17 and 2-18.

When comparing Further, IDS_GS and IDS_GM, when compared to IDS_SH_250, provide a
similar but slightly higher total load savings (10.1% reduction for IDS_GS and 10.5% reduction
for IDS_GM as compared to BAM_1, as opposed to 9.8% reduction for IDS_SH_250 as compared
to BAM_1). The percentage savings for IDS_GS and IDS_GM are similar across all zone
orientations. When comparing climate zones, the total EUI savings for IDS_GS and IDS_GM are
6-9% for CZ7/CZ2A and 10-13% for CZ5A/CZ4A as compared to BAM_1. The total load savings
for IDS_SH_250 are slightly lower, around 6-8% CZ7/CZ2A and 10-12% CZ5A/CZA4A as
compared to BAM_1.

Integrated Control Strategy (IGS): Based on Figure 2-15, for CZ5A the I1GS reduces the lighting

EUI as compared to IDS_GM (84% reduction for IGS as compared to BAM_1, whereas 65%
reduction for IDS_GM as compared to BAM_1). When comparing the total EUI, there is an 11.9%
reduction for 1GS as compared to BAM_1 which is slightly better than a 10.5% reduction for
IDS_GM as compared to BAM_1. The percentage savings for IGS are similar across all zone
orientations. When comparing climate zones for 1GS a reduction in total EUI for IGS is 7-10% for

CZ7ICZ2A and 12-14% for CZ5A/CZ4A as compared to BAM_1. For comparison, the reduction
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in total loCCZ4A is 6-9% for CZ7/CZ2A and 10-13% CZ5A/CZ4A reduction for as compared to
BAM_1.

Overall comparison for visual comfort by zone orientation and climate zones

Using the absolute load values in Figure 2-15 and 2-16 for lighting and total load, Table 2-19 and
2-20 respectively compares the performance for each control strategy by zone orientation from the
lowest energy use to the highest energy use. For both lighting load and total load, the control
strategy IGS_LED provides the lowest lighting load of all the control strategies for all zone
orientations. Similarly, Using the absolute load values in Figure 2-17 and Figure 2-18, Table 2-21
and 2-22 respectively compares the performance for each control strategy by climate zones from
the lowest energy use to the highest energy use. For both lighting load and total load, the control
strategy IGS_LED provides the lowest lighting load of all the control strategies for all climate
zones.

Table 2-19 Summary of results for energy use by zone orientation

Control | Performance order for control strategies (by lighting load)

strategy | Low energy use €=============» High energy use

South IGS LED >1DS GM LED >1DS GS LED >IDS_LC_LED > IDS_SH_LED_50 > IDS_SU_LED_50
IDS_SH_LED_50 > IDS_SU_LED_50 > MCS_LED_250 > MCS_LED _50

East IGS LED>1DS LC LED>IDS GM LED >IDS_GS_LED > IDS_SH_LED 50 > IDS_SU_LED 50
IDS_SH_LED_50 > IDS_SU_LED_50 > MCS_LED_250 > MCS_LED _50

North IGS LED>1DS LC LED>IDS GM LED >IDS_GS_LED > IDS_SH_LED 50 > IDS_SU_LED _50
IDS_SH_LED_50 > IDS_SU_LED_50 > MCS_LED_250 > MCS_LED_50

West IGS LED>1DS LC LED>1DS GM LED >IDS_GS_LED > IDS_SH_LED_50 > IDS_SU_LED_50
IDS_SH_LED_50 > IDS_SU_LED_50 > MCS_LED_250 > MCS_LED_50

Table 2-20 Summary of results for energy use by zone orientation

Control | Performance order for control strategies (by total load)

strategy | Low energy use €============+=% High energy use

South IGS LED > IDS GM LED >1DS LC LED > IDS_GS_LED > IDS_SH_LED_50 > IDS_SU_LED_50
IDS_SH_LED_50 > IDS_SU_LED_50 > MCS_LED_250 > MCS_LED_50

East IGS LED>1DS LC LED > DS GM LED >IDS_GS_LED > IDS_SH_LED_50 > IDS_SU_LED_50
IDS_SH_LED_50 > IDS_SU_LED_50 > MCS_LED_50 > MCS_LED_250

North IGS LED>1DS LC LED >1DS GS LED > IDS_GM_LED > IDS_SH_LED_50 > IDS_SU_LED_50
IDS_SH_LED_50 > IDS_SU_LED_50 > MCS_LED_50 > MCS_LED_250

West IGS LED>1DS LC LED >1DS GM LED >IDS_GS_LED > IDS_SH_LED_50 > IDS_SU_LED_50
IDS_SH_LED_50 > IDS_SU_LED_50 > MCS_LED_50 > MCS_LED_250
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Table 2-21 Summary of results for energy use by climate zones

Control | Performance order for control strategies (by lighting load)

strategy | Low energy use €==============» High energy use

C79A IGS LED>1DS LC LED > IDS GM LED >IDS_GS_LED > IDS_SH_LED 50 > IDS_SU_LED 50
IDS_SH_LED 50 >IDS_SU_LED 50 > MC_LED 250 > MC_LED 50 > MCS_LED 250 > MCS_LED 50

CZAA IGS LED > IDS GM LED > IDS GS LED > IDS_SH_LED 50 > IDS_LC_LED > IDS_SU_LED 50
IDS_SH_LED 50 > IDS_SU_LED 50 > MC_LED 250 > MC_LED_50 > MCS_LED_250 > MCS_LED 50

CZ5A IGS LED > IDS LC LED > IDS GM LED >IDS_GS_LED > IDS_SH_LED 50 > IDS_SU_LED 50
IDS_SH_LED 50 > IDS_SU_LED 50 > MC_LED 250 > MC_LED_50 > MCS_LED_250 > MCS_LED 50

c77 IGS LED > IDS LC LED > IDS GM LED >IDS_GS_LED > IDS_SH_LED 50 > IDS_SU_LED 50
IDS_SH_LED 50 > IDS_SU_LED 50 > MC_LED 250 > MC_LED 50 > MCS_LED 250 > MCS_LED 50

Table 2-22 Summary of results for energy use by climate zones

Control | Performance order for control strategies (by total load)

strategy | Low energy use €==============% High energy use

CZ2A IGS LED > IDS LC LED >1DS GM LED > IDS_GS_LED > IDS_SH_LED 50 > IDS_SU_LED 50
IDS_SH_LED 50 >IDS_SU_LED 50 > MC_LED 50 >MC_LED_250 > MCS_LED 50 > MCS_LED 250

CZAA IGS LED >IDS GM LED >1DS SH LED 50 >IDS_GS_LED >IDS_LC_LED > IDS_SU_LED 50
IDS_SH_LED 50 > IDS_SU_LED 50 > MC_LED 50 > MC_LED_250 > MCS_LED 50 > MCS_LED 250

CZEA IGS LED > IDS LC LED >1DS GM LED > IDS_GS_LED > IDS_SH_LED 50 > IDS_SU_LED 50
IDS_SH_LED 50 > IDS_SU_LED 50 > MC_LED 50 > MC_LED_250 > MCS_LED 50 > MCS_LED_250

c77 IDS LC LED > IGS LED > 1DS GM LED > IDS_GS_LED > IDS_SH_LED 50 > IDS_SU_LED 50
IDS_SU_LED 50> IDS_SH_LED 50 > MC_LED 50 > MC_LED_250 > MCS_LED 50 > MCS_LED_250

Similar to visual comfort metrics, Appendix C provides charts and sensitivity data for cooling,
heating, lighting, and total load for MCS and Independent Control Strategy (IDS_SH) and
IDS_SU) for values ranging from 50 W/m? to 250 W/m? in increments for 50 W/m? for solar
radiation for four ASHRAE climate zones (CZ2A, CZ4A, CZ5A, and CZ7)

2.3.1.3 Overall model comparison by zone orientation

Table 2-23 below shows the best control strategy for three categories (i) all MCS strategies, (ii) all
IDS strategies, and (iii) the overall best strategy (MCS, IDS, and IGS) for each performance metric
by zone orientation. Thus, the table shows which control strategy has a maximum view to the
outside, the lowest glare, and the most energy saving by category. Each category's overall best
control strategy varies by zone orientation. When comparing the view to the outside, IDS_LC has
the most view to the outside as it does not use any shades. However, for the North zone, MCS_50,

MCS_100, MCS_150, MCS_200, MCS_250, IDS_LC, and IDS_GM all provide maximum view
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to the outside. The best control strategies for glare are IDS_SU 50, IDS _SH_50, IDS_GS,
IDS_GM, and IGS, as they do not cause any glare except for the North zone. In terms of energy
use, IGS provides the most total energy savings for all climate zones.

Table 2-23: Overall control strategy comparison by zone orientation (for CZ5A)

Orientation Perform.ance Best (MCS) Best (IDS) strategy Overall best (MCS, IDS and IGS) strategy
metric strategy
View MCS_250 IDS_LC IDS_LC
South IDS_SU_50, IDS_SH_50 IDS_SU_50, IDS_SH_50
Clare MCS_100 iDS_GS, IDS_GM IDS_GS, IDS_GM, IGS
Total EUI MCS_250 IDS_GM IGS
View MCS_250 IDS_LC IDS_LC
IDS_SU_50,
East Glare MCS 50 IDS SH =0 IDS_SU_50, IDS_SH_50
— DS G5, IDS GM IDS_GS, IDS_GM, IGS
Total EUI MCS_50 IDS_LC IGS
MCS_50,
MCS_100, IDS_LC, MCS_50, MCS_100,
. MCS_150, MCS_200,
View MCS_150, IDS_GM
MCS_250, IDS_LC,
MCS_200, DS GM
MCS 250 -
IDS_SU_50,
North IDS_SU_100, MCS_100, MCS_150, MCS_200,
MCS_100, IDS_SU_150,
IDS_SU_50, IDS_SU_100, IDS_SU_150,
Glare MCS_150, IDS_SU_200,
IDS_SU_200, IDS_SU_250, IDS_SH_50
MCS_200 IDS_SU_250, DS GS. IDS GM. I1GS
IDS_SH_50 -
IDS_GS, IDS_GM
Total EUI MCS 50 IDS_LC IGS
View MCS_250 IDS LC IDS_LC
West IDS_SU_50, IDS_SH_50 IDS_SU_50, IDS_SH_50
Glare MCS_250 IDS_GS, IDS_GM IDS_GS, IDS_GM, IGS
Total EUI MCS_100 IDS LC IGS

2.3.1.4 Overall model comparison by climate zones

Table 2-24 below shows the best control strategy for three categories (i) all MCS strategies, (ii) all
IDS strategies, and (iii) the overall best strategy (MCS, IDS, and IGS) for each performance metric
by climate zones. The overall best control strategy for each category is consistent between climate
zones. For all the climate zones, for view to the outside, IDS_LC has the most view to the outside
as it does not use any shades. The best control strategies for glare are IDS_SU_50, IDS_SH_50,
IDS_GS, IDS_GM, and IGS, as they do not cause any glare. In terms of energy use, IGS provides

the most total energy savings for all climate zones.
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Table 2-24: Overall control strategy comparison by climate zones

Orientation Perform_ance Best (MCS) Best (IDS) strategy Overall best (MCS, IDS and IGS) strategy
metric strategy
View MCS_250 IDS_LC IDS_LC
CZ2A IDS_SU_50, IDS_SH_50 IDS_SU_50, IDS_SH_50
Clare MCS_50 IDS_GS, IDS_GM IDS_GS, IDS_GM, IGS
Total EUI MCS._50 IDS_LC IGS
View MCS_250 IDS_LC IDS_LC
CZ4A IDS_SU_50, IDS_SH_50 IDS_SU_50, IDS_SH_50
Clare MCS_%0 IDS_GS, IDS_GM_ IDS_GS, IDS_GM, IGS
Total EUI MCS._50 IDS_GM IGS
View MCS._250 IDS_LC IDS_LC
CZ5A IDS_SU_50, IDS_SH_50 IDS_SU_50, IDS_SH_50
Glare MCS_100 IDS_GS, IDS_GM IDS_GS, IDS_GM, IGS
Total EUI MCS_50 IDS_LC IGS
View MCS._250 IDS_LC IDS_LC
cz7 IDS_SU_50, IDS_SH_50 IDS_SU_50, IDS_SH_50
Clare MCS_50 IDS_GS, IDS_GM IDS_GS, IDS_GM, IGS
Total EUI MCS_100 IDS_LC IDS_LC

2.3.2 Discussion

The research goal of this study was to compare the existing shading and lighting control strategies
using a typical/common baseline case. Across existing studies, the visual comfort and energy
savings improvements for shading and lighting controls can be very challenging as these studies
have different assumptions for baseline models and use different metrics for comparing the results.
In most cases, the baseline models differ in the input variables such as room sizes (depth and
width), window size (height, width, and WWR (with/without split windows)), window orientation
(simultaneous windows in two directions), glazing material properties, shade material properties,
and climate zones of the building. To achieve this, a US DOE Prototype Building model for small
office buildings was used to compare building performance 4 different types of control strategies
(a) Baseline Model (BAM), (b) Manual Control Strategy (MCS), (c) Independent Control Strategy
(IDS) using solar radiation and glare and (d) Integrated Control Strategy (IGS) which combines

the Independent Control Strategy with other variables such as Work Plane Protection Position
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(WPP), occupancy-based control, and HVAC state to select appropriate shading and lighting level
targets.

The results of this study allow a single baseline model to compare multiple control strategies for
different zone orientation and climate zones. The results provide the following insights. (a) MCS
slightly reduces total energy but can improve visual comfort, especially to reduce glare. (b) When
using IDS with solar radiation-based control, IDS_SH (sensor facing the horizon) has significantly
better energy use and view to the outside, with only a slight increase in glare than IDS_SU (sensor
facing directly up). (c) IDS using glare-based control outperforms IDS using solar radiation in
terms of reduction in energy use and glare while providing longer views to the outside. (d) For
automated shade control using the Independent Control Strategy (IDS), it is advisable to use
IDS_GM for a maximum total load reduction of around 10.5% compared to BAM_1 for climate
zone 5A. (e) For climate zone 5A, the Integrated Control Strategy (IGS) provides the best total
load reduction of all strategies of around 12% savings, with zero glare compared to BAM_1.
However, the IGS only provides a small incremental change over IDS_GM (10.5% reduction in
total load, with zero glare; views to the outside are only reduced by 7% as compared to BAM 1)
while using multiple sensors to determine occupancy, sky condition, and HVAC state. (f) For all
control strategies, the trends remain the same for all climate zones, like the results by zone
orientation. However, extreme weather climates such as CZ2A and CZ7 provide a lower percent
reduction in total load than moderate climates such as CZ4A and CZ5A. A few studies involving
roller shades have compared multiple control strategies with the shades opening and closing in
small increments (as opposed to just fully open and fully closed) with integrated controls. This
research provides an additional point of reference when comparing a wide variety of control

strategies involving roller shades using a typical US DOE small office building model.
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Even though this study compared various strategies using RADIANCE and EnergyPlus, there are
various limitations to this study. These include the following, (a) the minimum timestep for the
analysis is one hour due to the significant time taken for RADIANCE simulation for granular
timesteps. Studies with more granular timesteps for daylighting and energy simulation can
highlight the incremental saving of complex shading and lighting strategies by capturing
fluctuating weather conditions. (b) The occupancy schedule used in IGS is based on the DOE
model Prototype Building model’s hourly occupancy schedule. A stochastic model or a case study
can better highlight the impact of occupancy when used as IGS (c). This study used two
illuminance sensors, one vertical and one work plane sensor, for the analysis. Controls based on
daylight available throughout space using multiple sensors can be used for controlling lighting
levels at a fixture-by-fixture level. This can further increase lighting load savings compared to a
zone-level model. Thus, spatial-visual comfort metrics such as Spatial Daylight Autonomy and
Annual Sunlight Exposure can be used to compare strategies. (d) Sensitivity to other variables,
such as shade openness factor and WWR can provide additional information on which strategy
performs better and are currently being studied by the author. (e) This study does not assess how
these control strategies impact peak loads or thermal discomfort due to direct sunlight entering
space and hitting occupants. This is the subject for future work.

2.4 CONCLUSIONS

The study aims to quantify the percent improvement in visual comfort and/or energy savings due
to different existing control strategies for roller shades. Comparing shade and lighting control
strategies across different studies can be challenging as most existing studies have different
baseline model assumptions for variables such as room sizes (depth and width), window size

(height, width, and WWR (with/without split windows)), window orientation (simultaneous
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windows in two directions), glazing material properties, shade material properties, and climate
zones of the building. Thus, this study uses a US DOE Prototype Building model for small office
building to compare building performance for (a) Baseline Model (model with and without
shades), (b) Manual Control Strategy, (c) Independent Control Strategy using solar radiation and
glare and (d) Integrated Control Strategy which combines the Independent Control Strategy with
other variables such as Work Plane Protection Position (WPP), occupancy-based control, and
HVAC state to select appropriate shading and lighting level targets. Visual comfort metrics such
as view to the outside, glare conditions, and energy use metrics such as cooling, heating, lighting,
and total EUI are compared for different control strategies. A comparison is shown by zone
orientation for Lansing, M1 (CZ5A) while the average values for all perimeter zones are compared
for four ASHRAE climate zones, Tampa, FL (CZ2A), New York City, NY (CZ4A), Lansing, Ml
(CZ5A) and International Falls, MN (CZ7). The study concludes that a complex rule-based
shading strategy such as an Integrated Control Strategy, which uses HVAC state, occupancy
sensors, and time of day for controls, only performs slightly better in terms of both energy use and
visual comfort than a control strategy that uses glare to control the shades. Thus, if the addition of
sensors is needed to support complex shading and lighting control strategies, these sensors may

benefit from being used for multiple purposes in order to justify their use.
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APPENDIX 2-A: IGS CONTROLS

‘ Integrated Control Strategy ‘
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Figure 2-A.1 Control modes for Integrated Control Strategy (IGS)

69



APPENDIX 2-B: VISUAL COMFORT RESULTS
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Figure 2-B.1 Annual percent of times view to the outside between (8 am to 5 pm) for all control strategies by zone orientation

Table 2-B.1 Annual percent of times view to the outside between (8 am to 5 pm) for all control strategies by zone orientation (values)

BAM_ BAM_ IDS_SU_ IDS_SU_ IDS_SU_15 IDS_SU_20 IDS_SU_25 IDS_SH_S IDS_SH_10 IDS_SH_15 IDS_SH_20 IDS_SH_25

1 > MCS_50 Mcs_100 | Mcs_150 | Mcs_200 | mcs_250 | IDs_tc S0 00 o ° ° o o ° ° ° IDS_GS IDS_GM 165
South 1000 00 74.05 78.0 84.08 86.79 87.73 100.0 7.89 14.55 23.07 33.81 431 12.08 32,03 48.47 57.78 65.04 74.25 93.1 92.05
: g (-25.95) (-22.0) (-15.92) (-13.21) (-12.27) (0.0) (-92.11) (-85.45) (-76.93) (-66.19) (-56.9) (-87.92) (-67.97) (-51.53) (-42.22) (-34.96) (-25.75) (-6.9) (-7.95)
East 1000 00 6137 80.82 93.7 99.73 100.0 100.0 7.89 14.55 23.07 33.81 431 19.12 48.47 69.59 78.85 82.33 86.9 91.62 90.38
: g (-38.63) (-19.18) (-6.3) (-0.27) (0.0) (0.0) (-92.11) (-85.45) (-76.93) (-66.19) (-56.9) (-80.88) (-51.53) (-30.41) (-21.15) (-17.67) (-13.1) (-8.38) (-9.62)
North 1000 00 100.0 100.0 100.0 100.0 100.0 100.0 7.89 14.55 23.07 33.81 431 24.77 64.3 90.55 98.41 99.84 99.89 100.0 98.68
- . (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (-92.11) (-85.45) (-76.93) (-66.19) (-56.9) (-75.23) (-35.7) (-9.45) (-1.59) (-0.16) (-0.11) (0.0) (-1.32)
West 1000 00 90.49 92.9 97.18 99.56 100.0 100.0 7.89 14.55 23.07 33.81 431 17.18 45.26 64.93 73.7 78.66 811 86.96 ss(.jls
- . (-9.51) (-7.1) (-2.82) (-0.44) (0.0) (0.0) (-92.11) (-85.45) (-76.93) (-66.19) (-56.9) (-82.82) (-54.74) (-35.07) (-263) (-21.34) (-18.9) (-13.04) 14,55)
Average 1000 00 81.48 87.93 93.74 96.52 96.93 100.0 7.89 14.55 23.07 33.81 431 18.29 47.51 68.38 77.18 81.47 8553 92.92 91.64
8 : g (-18.52) (-12.07) (-6.26) (-3.48) (-3.07) (0.0) (-92.11) (-85.45) (-76.93) (-66.19) (-56.9) (-81.71) (-52.49) (-31.62) (-22.82) (-18.53) (-14.47) (-7.08) (-8.36)
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Figure 2-B.2 Annual percent of times glare (DGPs >0.35) between (8 am to 5 pm) for all control strategies by zone orientation

Table 2-B.2 Annual percent of times glare (DGPs >0.35) between (8 am to 5 pm) for all control strategies by zone orientation (values)

BAM_1 | BAM_2 | Mcsso | mcs_100 | mcs_150 | mcs_200 | mcs_250 | ips_ic | IDs_su_50 | IDs_su_100 | IDS_SU_150 | IDS_Su_200 | IDS_SU_250 | IDS_SH_50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_ 200 | IDS_SH_250 IDS_GS IDS_GM 1GS

South 3016 00 22.22 16.99 17.59 18.03 2384 30.16 0.0 0.08 0.66 156 1.26 0.0 0.85 258 4.05 5.59 0.0 0.0 D(‘_O
g : (-26.34) (-43.69) (-41.69) (-40.24) (-20.98) (0.0) (-100.0) (-99.73) (-97.82) (-94.82) (-95.82) (-100.0) (-97.18) (-91.46) (-86.56) (-81.47) (-100.0) (-100.0) 1000)

East 1471 00 433 7.92 10.93 12.66 14.71 14.71 0.0 0.1 0.47 115 0.96 0.0 0.79 134 2.0 2.44 0.0 0.0 D(‘?
g . (-70.58) (-46.18) (-25.7) (-13.97) (0.0) (0.0) (-100.0) (-99.07) (-96.83) (-92.18) (-93.48) (-100.0) (-94.6) (-90.88) (-86.41) (-83.43) (-100.0) (-100.0) 1000)

North 022 00 0.22 0.08 0.08 0.08 0.22 0.22 0.0 0.0 0.0 0.0 0.0 0.0 0.03 0.03 0.05 0.08 0.0 0.0 Df
g . (0.0) (-62.5) (-62.5) (-62.5) (0.0) (0.0) (-100.0) (-100.0) (-100.0) (-100.0) (-100.0) (-100.0) (-87.5) (-87.5) (-75.0) (-62.5) (-100.0) (-100.0) 100.0)

West 1995 00 12.33 12.44 16.16 18.33 19.95 19.95 0.0 0.6 148 2.85 7.53 0.0 0.93 1.95 2.96 4.03 0.0 0.0 0('_”
§ . (-38.19) (-37.64) (-18.96) (-8.1) (0.0) (0.0) (-100.0) (-96.98) (-92.58) (-85.71) (-62.23) (-100.0) (-95.33) (-90.25) (-85.16) (-79.81) (-100.0) (-100.0) 1000)

Average 16.26 00 9.77 936 11.19 12.27 14.68 16.26 0.0 0.21 0.65 139 2.44 0.0 0.65 1.47 227 3.03 0.0 0.0 D(‘_O
& g : (-39.89) (-42.46) (-31.17) (-24.52) (-9.73) (0.0) (-100.0) (-98.74) (-96.0) (-91.45) (-85.0) (-100.0) (-96.0) (-90.94) (-86.06) (-81.34) (-100.0) (-100.0) 1000)
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Figure 2-B.3 Daylight Autonomy (DA) between (8 am to 5 pm) for all control strategies by zone orientation
Table 2-B.3 Daylight Autonomy (DA) between (8 am to 5 pm) for all control strategies by zone orientation (values)
BAM_1 BAM_2 MCS_50 MCS_100 MCS_150 MCS_200 MCS_250 IDS_LC IDS_SU_50 IDS_SU_100 IDS_SU_150 IDS_SU_200 IDS_SU_250 IDS_SH_50 IDS_SH_100 IDS_SH_150 IDS_SH_200 IDS_SH_250 IDS_GS IDS_GM 1GS
South 83.81 26.16 72.77 74.9 77.97 79.78 80.27 83.81 26.96 29.67 35.12 43.62 1.26 28.63 43.32 57.12 65.07 70.88 80.27 83.81 83.62
ou ) : (-13.17) (-10.62) (-6.96) (-4.81) (-4.22) (0.0) (-67.83) (-64.6) (-58.09) (-47.96) (-98.5) (-65.84) (-48.32) (-31.84) (-22.36) (-15.43) (-4.22) (0.0) (-0.23)
E 76.74 11.45 48.52 63.29 72.63 76.58 76.74 76.74 11.59 12.9 17.01 24.38 31.64 15.7 38.14 57.7 66.33 69.37 74.27 76.74 76.71
ast . g (-36.77) (-17.53) (-5.36) (-0.21) (0.0) (0.0) (-84.9) (-83.18) (-77.83) (-68.23) (-58.76) (-79.54) (-50.3) (-24.81) (-13.57) (-9.6) (-3.21) (0.0) (-0.04)
North 7471 0.0 74.71 74.71 74.71 74.71 74.71 74.71 0.0 0.66 4.33 11.48 19.07 737 40.33 65.42 73.12 74.55 74.6 74.71 74.71
o . . (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (-100.0) (-99.12) (-94.21) (-84.64) (-74.48) (-90.14) (-46.02) (-12.43) (-2.13) (-0.22) (-0.15) (0.0) (0.0)
West 79.42 16.16 77.48 78.44 79.18 79.4 79.42 79.42 16.58 18.41 226 29.73 36.52 203 4214 60.14 68.08 72.14 75.62 79.42 79.15
s : N (-2.45) (-1.24) (-0.31) (-0.03) (0.0) (0.0) (-79.13) (-76.82) (-71.54) (-62.57) (-54.02) (-74.44) (-46.95) (-24.28) (-14.28) (-9.18) (-4.79) (0.0) (-0.34)
Average 78.67 13.45 68.37 72.84 76.12 77.62 77.79 78.67 13.78 15.41 19.77 27.3 22.12 18.0 40.98 60.1 68.15 71.73 76.19 78.67 78.55
B : i (-13.09) (-7.42) (-3.24) (-1.34) (-1.12) (0.0) (-82.48) (-80.41) (-74.87) (-65.3) (-71.88) (-77.12) (-47.91) (-23.61) (-13.37) (-8.82) (-3.15) (0.0) (-0.16)

72




8
5 _ _ =3 South _ _
= | u M ~ B East _ ™ N
2 e A B North _
Ia) = West -
o 71 Average
> - 7
E B0 = q _
e - O o
o
=
3
D
iy
2
>
@
T 20
]
=
=)
3
c
S0
c — ~ (=) o o [=] (=] (@] (=] o o o o (= o [=] o o wu = [T2]
o | | Ta] (=] i o wn — T3] o n o n T2} (=1 wn o wn (L) [G] (U]
o = = | — — o~ o~ I | — — ~ o~ | — — ~ o~ | | =
< < wn | I I | ] jus ] I I | I I | | | | [72) w
o o @] %] wn wn [} [a)] 7] 2 2 ] 2 wn T T T T (] Pl
= -] &) @) -] = | wn %3] v %3] | v wn v wn - =
= = = = v | | 1 | v 1 | 1 |
(] [%2) [%2) %3] [%2) (] %3] [%2) %3] [%2)
= o o a o = a o a o

Figure 2-B.4 Continuous Daylight Autonomy (cDA) between (8 am to 5 pm) for all control strategies by zone orientation

Table 2-B.4 Continuous Daylight Autonomy (cDA) between (8 am to 5 pm) for all control strategies by zone orientation (values)

BAM_1 | BAM_2 [ Mcsso | mcs_100 | mcs_150 | mcs_200 [ Mcs_250 | ibs_ic | IDS_SU_S0 | IDS_sU_100 | IDS_SU_150 | IDS_SU_200 | IDS_SU_250 | IDS_SH_50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_ 200 | IDS_SH_ 250 | IDS_GS | IDS_GM 1GS

South 809 s5.57 81.14 85.32 86.32 87.32 87.68 89.9 57.23 60.56 65.54 71.91 76.66 59.53 7175 80.4 84.44 86.7 89.47 89.9 89.88
: " (-9.75) (-2.88) (-2.88) (-2.88) (-2.48) (0.0) (-36.34) (-32.64) (-27.1) (-20.02) (-14.73) (-33.78) (-20.19) (-10.57) (-6.07) (357) (-0.48) (0.0) (-0.02)

East 8773 3767 70.04 79.37 85.04 87.61 87.73 87.73 38.53 41.81 472 54.45 60.53 456 65.47 78.81 83.74 85.19 87.28 87.73 87.65
. : (-20.17) (-9.53) (-3.07) (-0.14) (0.0) (0.0) (-56.09) (-52.34) (-46.21) (-37.93) (-31.02) (-48.02) (-25.38) (-10.17) (-4.56) (-2.9) (-0.52) (0.0) (-0.1)

North 87.08 2048 87.08 87.08 87.08 87.08 87.08 87.08 25.26 2851 34.24 4222 49.04 36.01 63.67 81.19 86.16 86.99 87.05 87.08 87.03
: - (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (-70.99) (-67.26) (-60.68) (-51.52) (-43.69) (-58.64) (-26.89) (-6.76) (-1.05) (-0.1) (-0.04) (0.0) (-0.06)

West 88.35 4181 86.97 87.81 88.21 88.35 88.35 88.35 42.86 45.99 50.95 57.68 63.05 48.24 67.15 79.47 84.26 86.14 87.63 88.35 88.2
g : (-1.56) (-0.61) (-0.16) (-0.0) (0.0) (0.0) (-51.49) (-47.95) (-42.33) (-34.72) (-28.64) (-45.4) (-24.0) (-10.05) (-4.63) (-2.5) (-0.81) (0.0) (-0.17)

Average 8827 39.88 8131 84.36 86.6 87.59 87.71 88.27 40.97 44.22 49.48 56.57 62.32 47.35 67.01 79.97 84.65 86.25 87.86 88.27 88.19
& g : (-7.88) (-4.42) (-1.89) (-0.77) (-0.63) (0.0) (-53.58) (-49.91) (-43.94) (-35.92) (-29.4) (-46.36) (-24.08) (-9.4) (-4.1) (-2.28) (-0.46) (0.0) (-0.09)
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Figure 2-B.5 Useful Daylight Illuminance (UDl100-500 1ux) between (8 am to 5 pm) for all control strategies by zone orientation
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Table 2-B.5 Useful Daylight llluminance (UDI100-500 1ux) between (8 am to 5 pm) for all control strategies by zone orientation (values)

BAM_1 | BAM_2 | Mcs50 | Mcs_100 | mcs_150 | Mcs_200 | mcs_250 | ips_tc | IDS_su_50 | IDS_SU_100 | IDS_SU_150 | IDS_SU_200 | IDS_SU_250 | IDS_SH_50 | IDS_SH_100 IDS_SH_150 | IDS_SH_200 | IDS_SH_ 250 | IDS_GS | IDS_GM 1GS

South 18.03 sa8s 19.73 21.07 21.92 2145 2121 18.03 56.96 59.84 61.84 60.96 57.92 58.85 61.04 53.73 47.53 41.67 33.23 18.03 18.63
g ’ (9.42) (16.87) (21.58) (19.0) (17.63) (0.0) (215.96) (231.91) (243.01) (238.15) (221.28) (226.44) (238.6) (198.02) (163.68) (131.16) (84.35) (0.0) (3.34)

East 3838 3836 49.15 43.97 39.78 3836 38.38 38.38 39.42 43.84 49.32 54.71 57.1 48.55 62.25 58.03 52.25 49.4 45.89 38.47 3841
g - (28.05) (14.56) (3.64) (-0.07) (0.0) (0.0) (2.72) (14.2) (28.48) (42.54) (48.75) (26.48) (62.17) (51.18) (36.12) (28.69) (19.56) (0.21) (0.07)

North 5014 2059 50.14 50.14 50.14 50.14 50.14 50.14 30.77 36.14 43.62 51.64 56.44 44.27 59.92 55.42 51.53 503 50.25 50.14 50.14
. : (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (-38.63) (-27.92) (-13.01) (3.01) (12.57) (-11.69) (19.51) (10.55) (2.79) (0.33) (0.22) (0.0) (0.0)

West 3373 389 34.77 34.63 34.05 33.75 33.73 33.73 4014 4332 47.45 51.78 53.1 46.52 57.64 53.67 49.45 45.78 43.26 34.88 35.01
g g (3.09) (2.68) (0.97) (0.08) (0.0) (0.0) (19.01) (28.43) (40.7) (53.53) (57.43) (37.94) (70.92) (59.14) (46.63) (35.74) (28.27) (3.42) (3.82)

Average 35.07 2043 38.45 37.45 36.47 35.92 35.86 35.07 41.82 45.78 50.55 54.77 56.14 49.55 60.21 55.21 50.19 46.79 43.16 35.38 35.55
& . ’ (9.63) (6.8) (4.0) (2.44) (2.27) (0.0) (19.26) (30.55) (44.16) (56.19) (60.08) (41.29) (71.7) (57.44) (43.13) (33.42) (23.07) (0.88) (1.37)
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Figure 2-B.6 Useful Daylight Illuminance (UDIsoo-1000 1ux) between (8 am to 5 pm) for all control strategies by zone orientation

Table 2-B.6 Useful Daylight Illuminance (UDIsoo-1000 1ux) between (8 am to 5 pm) for all control strategies by zone orientation (values)

BAM_1 | BAM_2 | Mcs50 [ mcs_100 | mcs_150 | mcs_200 | Mcs_250 | IDS_Lc | IDS_SU_50 | IDS_SU_100 | IDS_SU_150 | IDS_SU_200 | IDS_SU_250 | IDS_SH_50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_200 | IDS_SH_250 | IDS_GS | IDS_GM 165

South 2053 a8 26.9 27.73 29.01 29.86 30.03 29.53 8.74 9.89 12.6 17.75 220 9.67 18.03 26.74 30.77 32.88 38.08 29.73 29.48
’ ) (-8.91) (-6.12) (-1.76) (1.11) (1.67) (0.0) (-70.41) (-66.51) (-57.33) (-39.89) (-25.51) (-67.25) (-38.96) (-9.46) (4.17) (11.32) (28.94) (0.65) (-0.19)

East 3530 482 2332 3003 33.97 3534 3534 35.34 4.88 5.23 6.41 8.88 12.16 5.7 13.73 27.29 33.78 3573 40.08 41.95 41.95
" ’ (-34.03) (-15.04) (-3.88) (0.0) (0.0) (0.0) (-86.2) (-85.19) (-81.86) (-74.88) (-65.58) (-83.88) (-61.16) (-22.79) (-4.42) (1.09) (13.41) (18.68) (18.68)

North 200 00 409 409 409 409 409 409 0.0 0.03 0.63 263 5.7 145 15.45 33.01 39.42 40.74 409 409 409
’ g (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (-100.0) (-99.93) (-98.46) (-93.57) (-86.07) (-96.45) (-62.22) (-19.29) (-3.62) (-0.4) (0.0) (0.0) (0.0)

West 3427 788 37.84 37.89 35.86 34.58 34.27 34.27 7.89 874 10.19 12.49 15.04 8.88 17.89 30.16 35.56 37.73 41.86 44.58 44.44
’ ’ (10.39) (10.55) (4.64) (0.88) (0.0) (0.0) (-76.98) (-74.5) (-70.26) (-63.55) (-56.12) (-74.1) (-47.8) (-11.99) (3.76) (10.07) (22.14) (30.06) (29.66)

Average 3501 531 3224 34.14 34.94 3517 35.14 35.01 5.38 5.97 7.46 10.44 13.73 6.42 16.27 293 34.88 36.77 40.23 39.29 39.19
B ’ - (-7.92) (-2.5) (-0.22) (0.45) (0.35) (0.0) (-84.64) (-82.94) (-78.7) (-70.19) (-60.8) (-81.65) (-53.52) (-16.31) (-0.37) (5.01) (14.91) (12.21) (11.93)
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Figure 2-B.7 Useful Daylight lHluminance (UDI1000-2000 1ux) between (8 am to 5 pm) for all control strategies by zone orientation

Table 2-B.7 Useful Daylight Illuminance (UDI1000-2000 1ux) between (8 am to 5 pm) for all control strategies by zone orientation
(values)

BAM_1 | BAM_2 | Mcs50 | mcs_100 | Mcs_150 | mcs_200 | mcs_250 | IDs_tc | IDS_SU_50 | IDS_SU_100 | IDS_SU_150 | IDS_SU_200 | IDS_SU_250 | IDS_SH_50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_200 | IDS_SH_250 IDS_GS IDS_GM 165
south 2530 195 24.08 24.14 24.58 24.99 2518 25.34 1.95 1.97 252 3.45 534 1.97 3.18 6.11 9.07 12.14 20.49 4041 40.05
- g (-4.97) (-4.76) (-3.03) (-1.41) (-0.65) (0.0) (-92.32) (-92.22) (-90.05) (-86.38) (-78.92) (-92.22) (-87.46) (-75.89) (-64.22) (-52.11) (-19.14) (59.46) (58.05)
East 833 079 3.92 6.19 7.89 833 833 833 0.79 0.93 11 1.56 2.05 0.82 14 214 332 4.38 5.53 10.55 10.55
g . (-52.96) (-25.66) (-5.26) (0.0) (0.0) (0.0) (-90.46) (-88.82) (-86.84) (-81.25) (-75.33) (-90.13) (-83.22) (-74.34) (-60.2) (-47.37) (-33.55) (26.64) (26.64)
North 0.52 00 0.52 0.52 0.52 0.52 0.52 0.52 0.0 0.0 0.0 0.0 0.05 0.0 0.16 0.38 0.44 0.52 0.41 0.52 0.52
§ : (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (-100.0) (-100.0) (-100.0) (-100.0) (-89.47) (-100.0) (-68.42) (-26.32) (-15.79) (0.0) (-21.05) (0.0) (0.0)
West 1063 156 11.64 11.75 11.15 10.74 10.63 10.63 1.56 1.81 222 271 34 164 2.05 3.15 4.14 5.45 6.55 12.22 12.16
- g (9.54) (10.57) (4.9) (1.03) (0.0) (0.0) (-85.31) (-82.99) (-79.12) (-74.48) (-68.04) (-84.54) (-80.67) (-70.36) (-61.08) (-48.71) (-38.4) (14.95) (14.43)
Average 1121 108 10.04 10.65 11.03 1114 11.16 11.21 1.08 118 1.46 1.93 271 111 17 2.95 4.24 5.62 8.25 15.92 15.82
& ) il (-10.39) (-4.95) (-1.53) (-0.55) (-0.37) (0.0) (-90.4) (-89.49) (-86.98) (-82.76) (-75.79) (-90.1) (-84.84) (-73.72) (-62.16) (-49.82) (-26.41) (42.11) (41.2)

76




g
% q - == South
3 - st
o 175 =N North
o == West
2 150 73 Average
A - -
u 125 7 A E
c H
E 10.0 LK
E g K H
3 15 H
E H
= 50 |
= H
m 25 H
5 I | k hn b
3 | wo mh T mem  m A o B
@ - ~ = = =) o o ¢ o o o o o o o o o o 0 = n
5 I I n o i o N e n o n =] N n o 0 o I [G] G} jG]
= = [ — — ~ o~ I I — — ~ ~ | — — ~ ~ | | =
= I v I I I | ] =) I I | I I I | | I 0] 0
o = Q wn n n 0 o ) ] ) =) =) n T T T T Ia) a
= O O O %) = | wn w0 wn wn | wn wn wn wn = =
s s = S ) I I | I ) I | | I
a] 0 0 ) ) la] 0 ) ) )
= a a fa fa = a a fa fa

Figure 2-B.8 Useful Daylight llluminance (UDI>2000 1ux) between (8 am to 5 pm) for all control strategies by zone orientation

Table 2-B.8 Useful Daylight Illuminance (UDI>2000 1ux) between (8 am to 5 pm) for all control strategies by zone orientation (values)

BAM_1 | BAM_2 | Mcss0 | Mcs_100 | mcs_150 | mcs_200 | mcs_2s0 | ips.ic | IDs_sU_50 | IDS_Su_100 | IDS_sU_150 | IDS_sU_200 | IDS_SU_250 | IDS_SH_50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_200 | IDS_SH_250 IDS_GS IDS_GM 165

South 18.96 00 12.44 12.63 13.15 13.42 13.59 18.96 0.0 0.05 0.41 11 1.92 0.05 0.63 1.92 2.93 411 0.08 373 373
’ g (-34.39) (-33.38) (-30.64) (-29.19) (-28.32) (0.0) (-100.0) (-99.71) (-97.83) (-94.22) (-89.88) (-99.71) (-96.68) (-89.88) (-84.54) (-78.32) (-99.57) (-80.35) (-80.35)

East 0.8 00 2.08 5.29 7.89 9.4 9.48 9.48 0.0 0.0 0.19 0.63 1.04 0.0 0.52 0.85 112 1.26 0.05 0.6 0.6
- g (-78.03) (-44.22) (-16.76) (-0.87) (0.0) (0.0) (-100.0) (-100.0) (-97.98) (-93.35) (-89.02) (-100.0) (-94.51) (-91.04) (-88.15) (-86.71) (-99.42) (-93.64) (-93.64)

North 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

’ . (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan) (nan)

West 1301 00 5.92 6.88 10.44 1258 13.01 13.01 0.0 0.14 0.66 167 2.82 0.14 058 0.96 153 225 0.0 0.0 0.0
- . (-54.53) (-47.16) (-19.79) (337) (0.0) (0.0) (-100.0) (-98.95) (-94.95) (-87.16) (-78.32) (-98.95) (-95.58) (-92.63) (-88.21) (-82.74) (-100.0) (-100.0) (-100.0)

Average 1036 00 5.11 6.2 7.87 8.85 9.02 10.36 0.0 0.05 032 0.85 145 0.05 0.43 0.93 1.4 19 0.03 1.08 1.08
© ’ g (-50.69) (-40.19) (-24.06) (-14.61) (-12.95) (0.0) (-100.0) (-99.54) (-96.96) (-91.8) (-86.05) (-99.54) (-95.84) (-91.02) (-86.52) (-81.63) (-99.67) (-89.56) (-89.56)
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Figure 2-B.9 Annual percent of times view to the outside between (8 am to 5 pm) for all control strategies by climate zones

Table 2-B.9 Annual percent of times view to the outside between (8 am to 5 pm) for all control strategies by climate zones (values)

BAM_1 | BAM_2 | Mcsso [ mcs_100 | mcs_150 | mcs_200 | mcs_250 | ips_tc | IDs_su_50 | IDS_SU_100 | IDS_SU_150 | IDS_SU_200 | IDS_SU_250 | IDS_SH_50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_200 | IDS_SH_250 IDS_GS IDS_GM 165
22 1000 00 84.41 92.65 97.01 98.53 98.71 100.0 3.56 7.26 12.36 18.96 24.41 14.29 39.49 58.51 68.73 74.76 83.03 91.66 91.1
: . (-15.59) (-7.35) (-2.99) (-1.47) (-1.29) (0.0) (-96.44) (-92.74) (-87.64) (-81.04) (-75.59) (-85.71) (-60.51) (-41.49) (-31.27) (-25.24) (-16.97) (-8.34) (-8.9)
zan 1000 00 79.47 86.88 93.01 95.05 95.49 100.0 10.16 17.23 26.68 34.49 41.07 22,51 48.65 64.59 73.05 78.41 81.8 90.52 94.3
g g (-20.53) (13.12) (-6.99) (-4.95) (-4.51) (0.0) (-89.84) (-82.77) (-73.32) (-65.51) (-58.93) (-77.49) (-51.35) (-35.41) (-26.95) (-21.59) (-18.2) (-9.48) (5.7)
A 1000 00 81.48 87.93 93.74 96.52 96.93 100.0 7.89 14.55 23.07 3381 3.1 18.29 47.51 68.38 77.18 81.47 85.53 92.92 91.64
: : (-18.52) (-12.07) (-6.26) (-3.48) (3.07) (0.0) (-92.11) (-85.45) (-76.93) (-66.19) (-56.9) (-81.72) (-52.49) (-31.62) (-22.82) (-18.53) (-14.47) (-7.08) (-8.36)
@ 100.0 00 79.95 88.53 93.85 94.92 95.64 100.0 10.49 17.78 29.7 4115 50.0 25.03 54.21 69.79 77.64 81.64 84.63 95.26 88.61
g g (-20.05) (-11.47) (-6.15) (-5.08) (-4.36) (0.0) (-89.51) (-82.22) (-70.3) (-58.85) (-50.0) (-74.97) (-45.79) (-30.21) (-22.36) (-18.36) (-15.37) (-4.74) (-11.39)
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Figure 2-B.10 Annual percent of times glare (DGPs >0.35) between (8 am to 5 pm) for all control strategies by climate zones

Table 2-B.10 Annual percent of times glare (DGPs >0.35) between (8 am to 5 pm) for all control strategies by climate zones (values)

BAM_1 | BAM_2 | Mcsso [ mcs_100 | mcs_150 | mcs 200 | mcs_2s0 | Ips_tc [ IDs_su_50 | IDs_su_100 | IDS_Su_150 | IDS_su_200 | IDS_SU_250 | IDS_SH_50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_200 | IDS_SH_250 IDS_GS IDS_GM 165

22a 2014 00 11.13 13.42 15.01 15.62 15.73 20.14 0.0 0.42 0.91 174 2.44 0.0 0.44 0.88 1.41 2.07 0.0 0.0 0.0
: . (-44.73) (-33.33) (-25.48) (-22.45) (-21.87) (0.0) (-100.0) (-97.89) (-95.48) (-91.36) (-87.89) (-100.0) (-97.82) (-95.65) (-92.99) (-89.73) (-100.0) (-100.0) (-100.0)

czan 1702 0.09 10.06 11.59 13.68 14.81 15.12 17.42 0.0 1.01 191 2.95 4.08 0.0 1.48 24 3.29 4.4 0.0 0.0 0.0
: : (-42.23) (-33.46) (-21.47) (-14.98) (-13.21) (0.0) (-100.0) (-94.18) (-89.03) (-83.05) (-76.6) (-100.0) (-91.51) (-86.2) (-81.12) (-74.75) (-100.0) (-100.0) (-100.0)

p— 16.26 00 9.77 936 11.19 12.27 14.68 16.26 0.0 0.21 0.65 139 2.44 0.0 0.65 147 227 3.03 0.0 0.0 0.0
) . (-39.89) (-42.46) (-31.17) (-24.52) (9.73) (0.0) (-100.0) (-98.74) (-96.0) (-91.45) (-85.0) (-100.0) (-96.0) (-90.94) (-86.06) (-81.34) (-100.0) (-100.0) (-100.0)

@ 1488 00 8.27 10.34 12.05 12.56 12.86 14.88 0.0 0.37 11 234 3.61 0.0 116 2.18 3.12 4.05 0.0 0.0 0.0
- : (-44.45) (-30.56) (-19.01) (-15.6) (-13.62) (0.0) (-100.0) (-97.51) (-92.64) (-84.26) (-75.75) (-100.0) (-92.18) (-85.37) (-79.06) (-72.76) (-100.0) (-100.0) (-100.0)
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Figure 2-B.11 Daylight Autonomy (DA) between (8 am to 5 pm) for all control strategies by climate zones

Table 2-B.11 Daylight Autonomy (DA) between (8 am to 5 pm) for all control strategies by climate zones (values)

BAM_1 BAM_2 MCs_50 MCS_100 | MCS_150 Mcs 200 | Mcs_250 | Ips_tc | IDS_su_so IDS_SU_100 IDS_SU_150 IDS_SU_200 IDS_SU_250 IDS_SH_50 IDS_SH_100 IDS_SH_150 IDS_SH_200 IDS_SH_250 IDS_GS IDS_GM 1Gs
o 89.84 1653 80.23 85.47 83.05 88.93 88.99 89.84 17.21 18.64 21.39 30.15 29.71 24.17 46.51 64.66 74.18 79.42 86.86 91.64 89.25
- g (-10.69) (-4.86) (-1.98) (-1.01) (-0.95) (0.0) (-80.84) (-79.25) (-76.19) (-66.44) (-66.93) (-73.09) (-48.23) (-28.03) (-17.42) (-11.6) (-3.31) (2.02) (-0.65)
zn 8412 157 72.95 7837 8217 82.99 83.09 84.12 16.97 20.89 27.8 33.88 38.9 24.11 48.13 63.36 71.22 75.73 80.3 84.1 82.89
: " (-13.29) (-6.84) (-2.32) (-1.35) (-1.23) (0.0) (-79.83) (-75.17) (-66.95) (-59.73) (-53.75) (-71.34) (-42.79) (-24.68) (-15.34) (-9.98) (-4.54) (-0.02) (-1.47)
s 2867 1345 68.37 72.84 76.12 77.62 77.79 78.67 13.78 15.41 19.77 27.3 22.12 18.0 40.98 60.1 68.15 71.73 76.19 78.67 78.55
" g (-13.09) (-7.42) (-3.24) (-1.34) (-1.12) (0.0) (-82.48) (-80.41) (-74.87) (-65.3) (-71.88) (-77.12) (-47.91) (-23.61) (-13.37) (-8.82) (-3.15) (0.0) (-0.16)
@ 75.03 1256 64.29 70.2 73.14 735 73.77 75.03 13.03 15.21 21.75 29.62 36.42 20,92 4334 57.46 64.37 67.0 7118 7321 74.82
- g (-14.31) (-6.44) (-2.52) (-2.04) (-1.68) (0.0) (-82.63) (-79.73) (-71.02) (-60.52) (-51.45) (-72.12) (-42.23) (-23.42) (-14.2) (-10.7) (-5.12) (-2.43) (-0.27)
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Figure 2-B.12 Continuous Daylight Autonomy (cDA) between (8 am to 5 pm) for all control strategies by zone orientation
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Table 2-B.12 Continuous Daylight Autonomy (cDA) between (8 am to 5 pm) for all control strategies by zone orientation (values)

BAM_1 | BAM_2 | Mcsso | mcs_100 | mcs_150 | mcs_200 | mcs_250 | iDs_ic | IDs_su_so | IDS_SU_100 | IDS_SU_150 | IDS_SU_200 | IDS_SU_250 | IDS_SH_50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_200 | IDS_SH_250 | IDS_GS | IDS_GM 1Gs

22a 05.07 18.46 89.47 92.64 94.15 94.67 94.7 95.07 49.83 51.82 54.74 62.9 61.64 57.01 73.47 84.54 89.67 92.04 94.58 95.77 94.92
’ - (-5.89) (-2.56) (-0.98) (-0.43) (-0.39) (0.0) (-47.59) (-45.5) (-42.43) (-33.84) (-35.16) (-40.03) (-22.72) (-11.08) (-5.68) (-3.19) (-0.52) (0.73) (-0.16)

czan 0165 457 84.81 88.12 90.37 90.91 90.97 91.65 487 53.0 58.78 63.14 66.61 57.33 74.56 83.68 87.77 89.58 90.97 91.65 91.2
’ : (-7.46) (-3.85) (-1.39) (-0.8) (-0.74) (0.0) (-46.86) (-42.17) (-35.87) (31.1) (-27.32) (-37.45) (-18.65) (-8.69) (-4.23) (-2.25) (-0.74) (-0.0) (-0.49)

z5A 88,27 3988 81.31 84.36 86.6 87.59 87.71 88.27 40.97 44.22 49.48 56.57 62.32 47.35 67.01 79.97 84.65 86.25 87.86 88.27 88.19
’ ’ (-7.88) (-4.42) (-1.89) (-0.77) (-0.63) (0.0) (-53.58) (-49.91) (-43.94) (-35.92) (-29.4) (-46.36) (-24.08) (-9.4) (-4.1) (-2.28) (-0.46) (0.0) (-0.09)

@ 85.33 3850 78.08 81.9 84.0 843 845 8533 4011 4361 50.71 57.67 62.79 49.44 68.17 77.4 81.27 82.65 84.61 84.76 85.23
" ) (-8.5) (-4.02) (-1.56) (-1.21) (-0.98) (0.0) (-53.0) (-48.9) (-40.58) (-32.42) (-26.41) (-42.06) (-20.12) (9.3) (-4.76) (-3.15) (-0.84) (-0.67) (-0.12)
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Figure 2-B.13 Useful Daylight Illuminance (UDI100-500 1ux) between (8 am to 5 pm) for all control strategies by climate zones

Table 2-B.13 Useful Daylight llluminance (UDl100-500 1ux) between (8 am to 5 pm) for all control strategies by climate zones (values)

BAM_1 | BAM_2 | Mcsso | mcs_100 | mcs_1s0 | mcs_200 | mcs_250 | ips_tc | IDsSU50 | IDS_SU_100 | IDS_SU_150 | IDS_SU_200 | 1DS_Su_250 | IDS_SH_S0 | IDS_sH_100 IDS_SH_150 | IDS_SH_200 | IDS_SH_250 IDS_GS IDS_GM 1Gs
. 2200 a2 3214 29.18 27.32 26.77 26.73 22,94 56.32 58.27 60.54 63.78 63.0 63.36 65.68 55.34 47.34 42.41 35.34 19.08 26.97
§ : (40.13) (27.23) (19.11) (16.72) (16.51) (0.0) (145.51) (154.02) (163.93) (178.05) (174.65) (176.23) (186.35) (141.27) (106.39) (84.89) (54.08) (-16.81) (17.56)
czn 2972 49,09 35.68 33.09 31.01 3047 30.36 29.72 52.62 56.26 58.45 57.53 56.14 623 64.25 54.88 48.05 4331 39.99 30.26 33.75
. : (20.05) (11.34) (4.36) (2.54) (2.17) (0.0) (77.05) (89.31) (96.68) (93.59) (88.89) (109.63) (116.18) (84.67) (61.7) (45.72) (34.55) (1.82) (13.55)
s 3507 2043 38.45 37.45 36.47 35.92 35.86 35.07 41.82 45.78 50.55 54.77 56.14 49.55 60.21 55.21 50.19 46.79 43.16 35.38 35.55
: g (9.63) (6.8) (4.0) (2.44) (2.27) (0.0) (19.26) (30.55) (44.16) (56.19) (60.08) (41.29) (70.7) (57.44) (43.13) (33.42) (23.07) (0.88) (137)
. 3034 2023 37.88 35.79 35.25 35.19 35.14 3434 41.95 45.66 50.88 54.05 54.23 51.76 58.96 53.4 47.99 46.27 4339 38.78 34.77
g g (10.29) (4.21) (2.63) (2.47) (2:31) (0.0) (22.14) (32.97) (48.17) (57.38) (57.9) (50.72) (71.68) (55.5) (39.73) (34.74) (26.35) (12.92) (1.24)
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Figure 2-B.14 Useful Daylight Illuminance (UDIsoo-1000 1ux) between (8 am to 5 pm) for all control strategies by climate zones

Table 2-B.14 Useful Daylight Illuminance (UDIsoo-1000 1ux) between (8 am to 5 pm) for all control strategies by climate zones (values)

BAM_1 | BAM_2 | mcsso | mcs_100 | mcs_150 MCcs_200 Mcs_250 | IDs_LC IDS_SU_50 IDS_SU_100 IDS_SU_150 IDS_SU_200 IDS_SU_250 IDS_SH_50 IDS_SH_100 IDS_SH_150 IDS_SH_200 IDS_SH_250 IDS_GS IDS_GM 1Gs
2a 3846 215 39.43 41.14 41.87 42.03 41.99 38.46 74 7.69 8.41 12.25 11.64 9.29 21.49 35.62 42.84 4551 49.04 37.73 46.84
g : (2.53) (6.96) (8.87) (93) (9.19) (0.0) (-80.77) (-80.0) (-78.13) (-68.16) (-69.74) (-75.85) (-44.11) (7.37) (11.4) (18.34) (27.52) (-1.91) (21.78)
czan 38.46 621 3555 37.92 38.99 38.95 38.82 38.46 6.6 771 10.73 14.05 16.43 7.92 204 3173 37.53 39.97 44.38 44.09 42.94
- - (7.57) (-1.39) (1.39) (1.28) (0.93) (0.0) (-82.85) (-79.95) (-72.11) (-63.46) (-57.28) (-79.41) (-46.96) (-17.49) (-2.4) (3.94) (15.39) (14.64) (11.65)
o 3501 s34 3224 3414 34.94 3517 35.14 35.01 5.38 5.97 7.46 10.44 13.73 6.42 16.27 293 34.88 36.77 4023 39.29 39.19
: - (-7.92) (-2.5) (-0.22) (0.45) (0.35) (0.0) (-84.64) (-82.94) (-78.7) (-70.19) (-60.8) (-81.65) (-53.52) (-16.31) (-0.37) (5.01) (14.91) (12.21) (11.93)
. a1 533 31.23 33.82 34.52 34.41 34.4 34.11 5.49 6.1 8.53 11.9 15.04 7.44 18.24 28.26 332 35.45 39.18 37.97 37.99
: - (-8.45) (-0.86) (12) (0.88) (0.86) (0.0) (-83.9) (-82.11) (-75.0) (-65.1) (-55.9) (-78.19) (-46.53) (-17.15) (-2.67) (3.94) (14.88) (11.31) (11.39)
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Figure 2-B.15 Useful Daylight Illuminance (UDI1000-2000 1ux) between (8 am to 5 pm) for all control strategies by climate zones

Table 2-B.15 Useful Daylight lHluminance (UDI1000-2000 1ux) between (8 am to 5 pm) for all control strategies by climate zones (values)

BAM_1 | BAM_2 | mcsso [ mcs_100 | mcs_150 | Mcs_200 | mcs_250 | IDs_ic | IDSSU50 | IDS_SU_100 | IDS_SU_150 | IDS_SU_200 | IDS_SU_250 | IDSSH 50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_200 | IDS_SH_250 IDS_GS IDS_GM 165
o 1962 Lot 13.92 15.05 15.6 15.78 15.8 19.62 11 134 16 221 2.48 1.08 159 279 458 6.93 12.55 39.0 22.19
: : (-29.02) (-23.25) (-20.46) (-19.55) (-19.45) (0.0) (-94.38) (-93.19) (-91.83) (-88.76) (-87.36) (-94.52) (-91.9) (-85.79) (-76.68) (-64.66) (-36.03) (98.81) (13.13)
cn 1368 17 12.01 13.23 13.91 13.85 13.88 13.68 192 228 278 3.68 4.64 1.99 3.05 4.63 6.11 8.06 9.54 18.46 15.76
g : (-12.21) (33) (1.65) (12) (1.4) (0.0) (-85.94) (-83.33) (-79.68) (-73.12) (-66.07) (-85.49) (-77.68) (-66.17) (-55.36) (-41.09) (-30.28) (34.88) (15.17)
asa 1101 Los 10.04 10.65 11.03 11.14 1116 1121 1.08 118 146 1.93 271 111 17 2.95 4.24 5.62 825 15.92 15.82
§ : (-10.39) (-4.95) (-1.53) (-0.55) (-037) (0.0) (-90.4) (-89.49) (-86.98) (-82.76) (-75.79) (-90.1) (-84.84) (-73.72) (-62.16) (-49.82) (-26.41) (42.12) (41.2)
. 985 103 8.47 9.38 9.58 9.55 9.58 9.85 1.08 127 178 253 3.28 114 2.03 3.23 4.44 3.95 6.11 10.9 15.14
- : (-14.05) (-4.73) (2.71) (-3.06) (-278) (0.0) (-89.01) (-87.13) (-81.92) (-74.27) (-66.69) (-88.46) (-79.42) (-67.18) (-54.94) (-59.94) (-37.97) (10.64) (53.69)
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Figure 2-B.16 Useful Daylight Illuminance (UDI>2000 1ux) between (8 am to 5 pm) for all control strategies by climate zones

Table 2-B.16 Useful Daylight llluminance (UDI>2000 1uix) between (8 am to 5 pm) for all control strategies by climate zones (values)

BAM_1 | BAM_2 | Mcs50 | mcs_100 | mcs_150 | mcs_200 | mcs_2s0 | ibs_tc | IDS_Su_S0 | IDS_SU_100 | IDS_SU_150 | IDS_SU_200 | IDS_SU_250 | IDS_SH 50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_200 | IDS_SH_250 IDS_GS IDS_GM 165
o 1589 00 7.96 10.12 11.58 12.12 12.21 15.89 0.01 0.14 0.4 0.93 1.49 0.0 0.26 053 0.84 1.29 0.07 158 0.97

- . (-49.91) (-36.34) (-27.16) (-23.75) (-23.15) (0.0) (-99.91) (-99.14) (-97.46) (-94.14) (-90.65) (-100.0) (-98.36) (-96.68) (-94.7) (-91.85) (-99.57) (-90.04) (-93.92)
caan 1205 00 5.84 7.06 8.88 9.95 10.2 12.05 0.01 0.32 0.89 151 2.25 0.19 0.76 123 165 221 0.04 115 115

: g (-51.59) (-41.42) (-26.31) (-17.5) (-15.4) (0.0) (-99.89) (-97.39) (-92.61) (-87.5) (-81.36) (-98.41) (-93.69) (-89.83) (-86.31) (-81.7) (-99.66) (-90.45) (-90.45)
csa 1036 00 5.11 6.2 7.87 8585 9.02 10.36 0.0 0.05 032 0.85 145 0.05 0.43 0.93 14 19 0.03 1.08 1.08

- g (-50.69) (-40.19) (-24.06) (-14.61) (-12.95) (0.0) (-100.0) (-99.54) (-96.96) (-91.8) (-86.05) (-99.54) (-95.84) (-91.02) (-86.52) (-81.63) (-99.67) (-89.56) (-89.56)
o 1043 00 5.22 6.73 8.2 8.66 8.89 10.43 0.0 0.12 0.52 114 1.97 0.0 0.61 117 173 1.96 0.05 0.75 0.77

- g (-49.97) (-35.52) (-21.41) (-16.94) (-14.77) (0.0) (-100.0) (-98.88) (-95.01) (-89.03) (-81.09) (-100.0) (-94.16) (-88.77) (-83.45) (-81.22) (-99.47) (-92.84) (-92.58)
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Figure 2-C.1 Comparison of annual cooling EUI by zone orientation
BAM_1 BAM_2 MCS_50 MCS_100 MCS_150 MCS_200 MCS_250 IDS_LC IDS_SU_50 IDS_SU_100 IDS_SU_150 IDS_SU_200 IDS_SU_250 IDS_SH_50 IDS_SH_100 IDS_SH_150 IDS_SH_200 IDS_SH_250 IDS_GS IDS_GM 1GS
South 103.61 102,65 103.3 103.38 103.54 103.61 103.61 96.78 99.78 99.67 99.48 99.17 98.58 99.92 99.05 97.7 96.87 95.93 97.01 96.6 96.02
. - (-0.3) (-0.22) (-0.07) (0.0) (0.0) (-6.59) (-3.7) (-3.8) (-3.99) (-4.29) (-4.85) (-3.56) (-4.4) (-5.7) (-6.51) (-7.41) (-6.37) (-6.77) (-7.33)
East 101.64 100.59 100.8 101.57 101.58 101.62 101.63 93.65 97.33 96.45 95.74 95.58 96.26 96.76 94.91 95.07 94.35 94.19 94.03 93.88 93.32
. - (-0.83) (-0.07) (-0.06) (-0.02) (-0.01) (-7.86) (-4.24) (-5.11) (-5.8) (-5.96) (-5.29) (-4.8) (-6.62) (-6.46) (-7.17) (-7.33) (-7.49) (-7.63) (-8.19)
North 100.65 99.56 100.3 100.41 100.58 100.64 100.65 93.75 98.33 98.25 98.07 97.76 97.14 98.34 95.96 93.51 93.91 93.68 93.7 93.79 92.95
- - (-0.35) (-0.24) (-0.07) (-0.01) (0.0) (-6.86) (-231) (-2.38) (-2.56) (-2.87) (-3.49) (-23) (-4.66) (-7.09) (-6.7) (-6.92) (-6.91) (-6.82) (-7.65)
West 10167 10111 100.97 100.94 101.79 101.68 101.67 95.1 99.3 99.16 98.99 98.77 98.33 99.64 98.6 97.19 96.6 96.2 96.23 95.47 94.98
. " (-0.69) (-0.72) (0.12) (0.01) (0.0) (-6.46) (-2.33) (-2.47) (-2.64) (-2.85) (-3.29) (-2.0) (-3.02) (-4.41) (-4.99) (-5.38) (-5.35) (-6.1) (-6.58)
Average 101.89 100.98 101.34 101.58 101.87 101.89 101.89 94.82 98.68 98.38 98.07 97.82 97.58 98.66 97.13 95.87 95.43 95.0 95.24 94.94 94.32
: N (-0.54) (-0.31) (-0.02) (-0.0) (-0.0) (-6.94) (-3.15) (-3.44) (-3.75) (-4.0) (-4.23) (-3.17) (-4.67) (-5.91) (-6.34) (-6.76) (-6.53) (-6.83) (-7.43)
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Figure 2-C.2 Comparison of annual heating EUI by zone orientation
BAM_1 BAM_2 MCS_50 MCS_100 MCS_150 MCS_200 MCS_250 IDS_LC IDS_SU_50 IDS_SU_100 IDS_SU_150 IDS_SU_200 IDS_SU_250 IDS_SH_50 IDS_SH_100 IDS_SH_150 IDS_SH_200 IDS_SH_250 IDS_GS IDS_GM 1GS
South 66.3 68.52 68.26 68.11 67.75 67.52 67.42 68.67 69.63 69.58 69.55 69.52 69.5 69.48 69.47 69.47 69.48 69.46 69.46 69.38 72.27
- - (2.96) (2.73) (2.19) (1.84) (1.69) (3.57) (5.02) (4.95) (4.9) (4.86) (4.83) (4.8) (4.78) (4.78) (4.8) (4.77) (4.77) (4.65) (9.0)
East 71.44 73.63 71.41 71.4 71.44 7143 71.44 74.3 74.97 75.0 75.03 75.04 75.06 74.88 74.93 74.99 74.99 75.0 75.0 74.99 77.95
" : (-0.04) (-0.06) (0.0) (-0.01) (0.0) (4.0 (4.94) (4.98) (5.03) (5.04) (5.07) (4.82) (4.89) (4.97) (4.97) (4.98) (4.98) (4.97) (9.12)
North 69.42 71.66 69.36 69.38 69.4 69.42 69.42 72.21 72.79 72.75 72.73 72.73 72.73 72.8 72.91 72.94 72.95 72.93 72.87 72.84 75.92
i . (-0.09) (-0.06) (-0.03) (0.0) (0.0) (4.02) (4.85) (4.8) (4.77) (4.77) (4.77) (4.87) (5.03) (5.07) (5.08) (5.06) (4.97) (4.93) (9.36)
West 718 74.38 71.95 71.83 71.8 7175 71.75 74.84 75.79 75.72 75.67 75.64 75.6 75.68 75.78 75.81 75.82 75.79 75.71 75.63 78.7
. - (0.21) (0.04) (0.0) (-0.07) (-0.07) (4.23) (5.56) (5.46) (5.39) (5.35) (5.29) (5.4) (5.54) (5.58) (5.6) (5.56) (5.45) (5.33) (9.61)
A 69.74 72.05 70.24 70.18 70.1 70.03 70.01 72.5 733 73.26 73.24 73.23 73.22 73.21 73.27 733 73.31 733 73.26 73.21 76.21
verage i ! (0.72) (0.63) (0.51) (0.42) (0.38) (3.96) (5.1) (5.05) (5.03) (5.01) (4.99) (4.98) (5.07) (5.11) (5.12) (5.1) (5.05) (4.98) (9.28)
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Figure 2-C.3 Comparison of annual lighting EUI by zone orientation
BAM_1 BAM_2 MCS_50 MCS_100 MCS_150 MCS_200 MCS_250 IDS_LC IDS_SU_50 IDS_SU_100 IDS_SU_150 IDS_SU_200 IDS_SU_250 IDS_SH_50 IDS_SH_100 IDS_SH_150 IDS_SH_200 IDS_SH_250 IDS_GS IDS_GM 1GS
South 26.75 26.75 26.75 26.75 26.75 26.75 26.75 9.2 17.97 17.27 16.19 14.63 13.36 17.3 14.68 12.43 11.2 10.39 9.15 8.27 3.89
ou g - (0.0) (0.0) (0.0) (0.0) (0.0) (-65.61) (-32.82) (-35.44) (-39.48) (-45.31) (-50.06) (-35.33) (-45.12) (-53.53) (-58.13) (-61.16) (-65.79) (-69.08) (-85.46)
East 26.75 26.75 26.75 26.75 26.75 26.75 26.75 9.2 20.83 20.23 19.25 17.79 16.54 19.68 15.91 12.72 11.36 10.89 10.21 9.63 4.41
. g (0.0) (0.0) (0.0) (0.0) (0.0) (-65.61) (-22.13) (-24.37) (-28.04) (-33.5) (-38.17) (-26.43) (-40.52) (-52.45) (-57.53) (-59.29) (-61.83) (-64.0) (-83.51)
9.2 448
North 26.75 26.75 26.75 26.75 26.75 26.75 26.75 - 23.41 22.85 21.89 20.41 19.09 21.64 16.02 11.81 10.5 10.27 10.25 10.23 ~
(0.0) (0.0 (0.0 (0.0) (0.0) (-12.49) (-14.58) (-18.17) (-23.7) (-28.64) (-19.1) (-40.11) (-55.85) (-60.75) (-61.61) (-61.68) (-61.76)
65.61) 83.25)
West 26.75 26.75 26.75 26.75 26.75 26.75 26.75 9.2 20.26 19.58 18.63 17.26 16.09 19.28 15.28 12.32 10.98 10.38 9.96 9.25 4.26
g - (0.0) (0.0) (0.0) (0.0) (0.0) (-65.61) (-24.26) (-26.8) (-30.36) (-35.48) (-39.85) (-27.93) (-42.88) (-53.94) (-58.95) (-61.2) (-62.77) (-65.42) (-84.07)
A 26.75 26.75 26.75 26.75 26.75 26.75 26.75 9.2 20.62 19.98 18.99 17.52 16.27 19.48 15.47 12.32 11.01 10.48 9.89 9.34 4.26
verage " - (0.0) (0.0) (0.0) (0.0) (0.0) (-65.61) (-22.93) (-25.3) (-29.01) (-34.5) (-39.18) (27.2) (-42.16) (-53.94) (-58.84) (-60.81) (-63.02) (65.07) | (-84.07)
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BAM_1 BAM_2 MCS_50 MCS_100 MCS_150 MCS_200 MCS_250 IDS_LC IDS_SU_50 IDS_SU_100 IDS_SU_150 IDS_SU_200 IDS_SU_250 IDS_SH_50 IDS_SH_100 IDS_SH_150 IDS_SH_200 IDS_SH_250 IDS_GS IDS_GM 1GS
South 196.66 197.92 198.31 198.24 198.04 197.88 197.78 174.65 187.38 186.52 185.22 183.32 181.44 186.7 183.2 179.6 177.55 175.78 175.62 174.25 172.18
ou : N (0.84) (0.8) (0.7) (0.62) (0.57) (-11.19) (-4.72) (-5.16) (-5.82) (-6.78) (-7.74) (-5.06) (-6.84) (-8.67) (-9.72) (-10.62) (-10.7) (-11.4) (-12.45)
East 199.83 200.97 198.96 199.72 199.77 199.8 199.82 177.15 193.13 191.68 190.02 188.41 187.86 191.32 185.75 182.78 180.7 180.08 179.24 178.5 175.68
- § (-0.44) (-0.06) (-0.03) (-0.02) (-0.02) (-11.35) (-335) (-4.08) (-4.91) (5.71) (-5.99) (-4.26) (-7.05) (-853) (-9.57) (-9.88) (-103) (-10.67) (-12.09)
North 196.82 197.97 196.41 196.54 196.73 196.81 196.82 175.16 194.53 193.85 192.69 190.9 188.96 192.78 184.89 178.26 177.36 176.88 176.82 176.86 173.35
o ) - (-0.21) (-0.14) (-0.05) (-0.01) (0.0) (-11.0) (-1.16) (-1.51) (-2.1) (-3.01) (-3.99) (-2.05) (-6.06) (-9.43) (-9.89) (-10.13) (-10.16) (-10.14) (-11.92)
West 200.22 202.24 199.67 199.52 200.34 200.18 200.17 179.14 195.35 194.46 193.29 191.67 190.02 194.6 189.66 185.32 183.4 182.37 181.9 180.35 177.94
: - (-0.27) (-0.35) (0.06) (-0.02) (-0.02) (-10.53) (-2.43) (-2.88) (-3.46) (-4.27) (-5.09) (-2.81) (-5.27) (-7.44) (-8.4) (-8.92) (-9.15) (-9.92) (-11.13)
Average 198.38 199.77 198.34 198.5 198.72 198.67 198.65 176.52 192.6 191.63 190.3 188.58 187.07 191.35 185.88 181.49 179.75 178.78 178.4 177.49 174.79
8 - g (-0.02) (0.06) (0.17) (0.14) (0.13) (-11.02) (-2.92) (-3.41) (-4.07) (-4.94) (-5.7) (-3.54) (-6.3) (-8.52) (-9.39) (-9.88) (-10.08) (-10.53) (-11.89)
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BAM_1 | BAM_2 [ Mcss0 | mcs_100 | mcs_150 | mcs_200 | mcs_250 | IDS_Lc | IDS_SU_50 | IDS_SU_100 | IDS_SU_150 | IDS_SU_200 | IDS_SU_250 | IDS_SH_50 | IDS_SH_100 | IDS_SH_150 | IDS_SH_ 200 | IDS_SH_250 | IDS_GS | IDS_GM 1GS
2 37427 37171 373.16 373.43 374.2 374.23 374.24 357.22 366.72 366.45 366.0 364.73 363.99 366.88 362.81 359.75 359.02 358.32 357.99 357.63 355.23
§ ) (-0.3) (-0.23) (-0.02) (-0.01) (-0.01) (-4.55) (-2.02) (-2.09) (-2.21) (-2.55) (-2.75) (-1.98) (-3.06) (-3.88) (-4.07) (-4.26) (-4.35) (-4.45) (-5.09)
czan 14155 140.15 140.82 14133 141.45 1415 1415 134.27 137.68 137.26 136.89 136.54 136.26 137.66 135.98 134.59 133.68 133.48 133.23 133.16 13216
- : (-0.52) (-0.16) (-0.07) (-0.04) (-0.04) (-5.15) (-2.74) (-3.03) (-3.3) (-3.54) (-3.74) (-2.75) (-3.94) (-4.92) (-5.56) (5.7) (-5.88) (-5.93) (-6.64)
zsA 10189 100.88 101.34 101.58 101.87 101.89 101.89 94.82 98.68 98.38 98.07 97.82 97.58 98.66 97.13 95.87 95.43 95.0 95.24 94.94 94.32
§ ’ (-0.54) (-0.31) (-0.02) (-0.0) (-0.0) (-6.94) (-3.15) (-3.44) (-3.75) (-4.0) (-4.23) (3.17) (-4.67) (-5.91) (-6.34) (-6.76) (-6.53) (-6.83) (-7.43)
@7 6101 6034 60.56 60.69 61.02 61.01 61.0 55.7 59.19 59.06 58.7 58.73 58.48 58.74 57.6 56.72 56.3 56.01 56.02 55.93 55.66
: g (-0.73) (-0.52) (0.02) (-0.0) (-0.01) (-8.7) (-2.98) (-3.19) (-3.78) (3.73) (-4.14) (3.71) (-5.58) (-7.08) (-7.71) (-8.19) (-8.18) (-8.33) (-8.77)
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BAM_1 BAM_2 Mcs_50 [ mcs_100 Mcs_150 | Mcs_200 MCS_250 IDS_LC IDS_SU_50 IDS_SU_100 IDS_SU_150 IDS_SU_200 IDS_SU_250 IDS_SH_50 IDS_SH_100 IDS_SH_150 IDS_SH_200 IDS_SH_250 IDS_GS IDS_GM 165
o 276 284 278 277 2.77 277 2.77 29 2.96 2.96 2.95 2.95 2.95 2.95 2.94 2.94 2.94 2.94 2.94 2.94 3.18
. : (0.36) (0.27) (0.27) (0.27) (0.27) (5.06) (7.05) (6.96) (6.78) (6.6) (6.6) (6.69) (6.51) (6.51) (6.51) (6.51) (6.42) (6.15) (14.83)
czan 32.97 128 31.96 31.95 31.95 31.95 31.94 3239 33.74 33.72 35.55 3371 34.9 34.88 3371 33.72 33.71 33.7 34.86 33.62 36.51
. ' (-3.06) (-3.2) (3.11) (3.11) (-3.14) (-1.77) (233) (2.26) (7.81) (2.25) (5.86) (5.78) (2.24) (2.25) (2.24) (2.21) (5.72) (1.98) (10.74)
s 6974 72,05 70.24 70.18 70.1 70.03 70.01 725 733 73.26 73.24 73.23 73.22 7321 73.27 733 7331 733 73.26 7321 76.21
. i (0.72) (0.63) (0.51) (0.42) (0.38) (3.96) (5.1) (5.05) (5.03) (5.01) (4.99) (4.98) (5.07) (5.11) (5.12) (5.1) (5.05) (4.98) (9.28)
@ 1305 139.22 135.51 135.37 135.22 135.16 135.08 139.81 140.88 140.82 140.86 14091 140.98 1442 141.26 14133 14132 14131 141.28 141.24 145.68
i . (0.75) (0.65) (0.54) (05) (0.44) (3.95) (4.74) (4.7) (4.73) (4.77) (4.82) (7.22) (5.03) (5.08) (5.07) (5.07) (5.05) (5.02) (831)
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Table 2-C.7 Comparison of annual lighting EUI by climate zone (values)
BAM_1 BAM_2 MCS_50 MCS_100 MCS_150 MCS_200 MCS_250 IDS_LC IDS_SU_50 IDS_SU_100 IDS_SU_150 IDS_SU_200 IDS_SU_250 IDS_SH_50 IDS_SH_100 IDS_SH_150 IDS_SH_200 IDS_SH_250 IDS_GS IDS_GM 1GS
z2n 26.75 26.75 26.75 26.75 26.75 26.75 26.75 7.16 19.27 18.85 18.37 17.56 16.88 17.88 14.26 11.37 9.93 9.16 8.12 7.55 3.04
. . (0.0) (0.0) (0.0) (0.0) (0.0) (-73.23) (-27.97) (-29.54) (-31.34) (-34.37) (-36.9) (-33.18) (-46.68) (-57.5) (-62.88) (-65.75) (-69.64) (-71.79) (-88.65)
czan 26.75 26.75 26.75 26.75 26.75 26.75 26.75 12.45 19.33 18.44 17.16 16.06 15.21 17.87 13.84 1133 10.11 9.46 8.94 8.24 3.52
- - (0.0) (0.0) (0.0) (0.0) (0.0) (-53.46) (-27.73) (-31.07) (-35.87) (-39.98) (-43.14) (-33.21) (-48.28) (-57.64) (-62.2) (-64.64) (-66.6) (-69.19) (-86.84)
z5A 26.75 26.75 26.75 26.75 26.75 26.75 26.75 9.2 20.62 19.98 18.99 17.52 16.27 19.48 15.47 12.32 11.01 10.48 9.89 9.34 4.26
. . (0.0) (0.0) (0.0) (0.0) (0.0) (-65.61) (-22.93) (-25.3) (-29.01) (-34.5) (-39.18) (-27.2) (-42.16) (-53.94) (-58.84) (-60.81) (-63.02) (-65.07) (-84.07)
7 26.75 26.75 26.75 26.75 26.75 26.75 26.75 9.03 20.61 19.95 18.62 17.26 16.05 18.93 15.11 12.7 11.59 11.04 10.56 9.88 4.82
. . (0.0) (0.0) (0.0) (0.0) (0.0) (-66.24) (-22.95) (-25.4) (-30.39) (-35.49) (-39.99) (-29.21) (-43.52) (-52.51) (-56.68) (-58.72) (-60.54) (-63.08) (-81.97)
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= a o o a = a o o a
BAM_1 BAM_2 Mcs_50 | mcs_100 | mcs_150 | Mcs_200 | mcs_250 IDS_LC IDS_SU_50 | IDS_su_100 | IDS_su_150 IDS_SU_200 | IDS_SU_250 | IDS_SH_S50 IDS_SH_100 | IDS_SH_150 IDS_SH_200 IDS_SH_250 IDS_GS IDS_GM 1GS
22a 203,78 2013 402.69 402.95 403.72 403.75 403.76 367.29 388.94 388.25 387.32 385.23 383.82 387.7 380.02 374.06 371.9 370.42 369.05 368.12 361.44
. § (-0.27) (-0.21) (-0.02) (-0.01) (-0.01) (-9.04) (-3.68) (-3.85) (-4.08) (-4.59) (-4.95) (-3.98) (-5.89) (-7.36) (-7.9) (-8.26) (-8.6) (-8.83) (-10.49)
czan 20128 109.7 199.53 200.03 200.15 200.2 200.19 179.1 190.75 189.42 189.59 186.31 186.38 190.4 183.52 179.64 177.5 176.64 177.03 175.03 172.19
i : (-0.87) (-0.62) (-0.56) (-0.53) (-0.54) (-11.02) (-5.23) (-5.89) (-5.81) (-7.44) (-7.4) (-5.4) (-8.82) (-10.75) (-11.81) (-12.24) (-12.05) (-13.04) (-14.45)
zsa 198.38 199.77 198.34 198.5 198.72 198.67 198.65 176.52 192.6 191.63 190.3 188.58 187.07 19135 185.88 181.49 179.75 178.78 178.4 177.49 174.79
g : (-0.02) (0.06) (0.17) (0.14) (0.13) (-11.02) (-2.92) (-3.42) (-4.07) (-4.94) (-5.7) (-3.54) (-6.3) (-8.52) (-9.39) (-9.88) (-10.08) (-10.53) (-11.89)
@ 22225 22631 222.82 222.81 222.98 22292 222.84 204.54 220.68 219.83 218.18 216.9 21551 221.88 213.96 210.74 209.21 208.37 207.86 207.05 206.16
§ ) (0.25) (0.25) (033) (03) (0.26) (-7.97) (-0.72) (-1.09) (-1.83) (-2.41) (-3.03) (-0.17) (-3.73) (-5.18) (-5.87) (-6.25) (-6.48) (-6.84) (-7.24)
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CHAPTER 3-SENSITIVITY ANALYSIS USING PARAMATRIC MODELS
to be submitted (Journal Energy)
ABSTRACT

Window shades can control solar both the radiation and daylight entering the space, whereas
lighting energy can minimize based on available daylight. Thus, shading and lighting controls can
save energy while improving occupants' visual comfort simultaneously. The energy consumption
and the visual comfort, however, depend on multiple variables such as different room sizes, zone
orientation, building location, as well as a variety of other variables such as  window
configurations, sizes, and shading materials. Past studies have used parametric/optimization
methods to find the ideal combination of these variables to optimize both Energy Use Intensity
(EUI) and the available daylight using visual comfort metrics such as UDI (Useful Daylight
[lluminance). However, these optimization and parametric studies do not factor in metrics such as
glare, view outside and thermal comfort for an optimal solution. This study aims to optimize
various variables such as WWR for all four orientations, shade material properties such as
openness factor, and the length of the building overhang depth to estimate best-case scenarios for
UDI, EUI, glare, and view to the outside, and thermal comfort using PMV (Predicted Mean Vote).
The control strategy used for this study is based on glare that restricts the glare under DGP < 0.35
using roller shades controlled at (3) positions (Fully closed, 50% closed, and fully open). The study
also aims to find the best-case solution for nine (9) different building aspect ratios. The study uses
Rhino/Grasshopper interface with Honeybee and Ladybug to develop a daylighting model
(RADIANCE) and an energy model (EnergyPlus). The study concludes that the best solution for
two (2) variable combinations such as with one of the variables involving EUI (such as EUI and
UDI, EUI and View, EUI, and PMV) the solution) is predominantly a low 1% openness factor for
shade openness factor combined with high WWR values (such as 75 % and 50%) for the South
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and West facing direction. The other set of optimum solutions involves a high shade openness
factor (5% and 10 %) openness factor for shade openness factor combined with low WWR values
(such as 25 % and 50%). For the north-facing direction, the optimum values for results do not
show any particular pattern. For the variable shade overhang depth, no overhangs are slightly
preferable for square buildings whereas overhangs with 1 meter depth are preferable for more
rectangular buildings. However, the difference is very small.

Keywords: Lighting and shading control, sensitivity analysis, Parametric model, building form
3.1 INTRODUCTION

Windows allow solar radiation and natural light to enter the building. Incoming solar radiation can
significantly increase or reduce a building’s energy consumption based on whether this occurs in
a cooling, or a heating dominated season. Window also allows daylight into the space, where low
levels of daylight can increase the lighting energy consumption whereas too much daylight can
cause visual discomfort. Further, windows provide occupants with natural light, a view to the
outside, and enhance productivity (Edwards & Torcellini, 2002) (Shishegar & Boubekri, 2016)
and provide a sense of well-being which is important considering people spend approximately
90% of their time indoors (Mitra et al., 2022).

Further in most buildings, the shading devices are operated manually by occupants. In such
scenarios, studies suggest that they are not used effectively (Rea, 1984)  manage the incoming
solar radiation and daylight. With automated shading and lighting controls, this responsibility can
be transferred from the occupant to an effective lighting and shading controls that can balance
excessive daylight or glare, providing a view for occupants to the exterior, and limiting artificial

lighting and HVAC (heating, ventilation, and air conditioning) energy use is needed.
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Recent review studies have extensively summarized daylighting and glare values metrics (Vasquez
et al., 2022)(Carlucci et al., 2015)(Sadeghi et al., 2016)(Da Silva et al., 2012) that are used for
lighting and shading control strategies. These metrics are used both as input variable thresholds
for shading and lighting levels and/or to evaluate the performance of a control strategy. Commonly
used daylighting metrics include Daylighting Factor (DF), Daylight Autonomy (DA), Continuous
Daylight Autonomy (cDA), Useful Daylight Illuminance (UDI), and Spatial Daylight Autonomy
(sDA) and Annual Sunlight Exposure (ASE). For estimating glare, researchers have used Daylight
Glare Index (DGI), Unified Glare Rating (UGR), Daylight Glare Probability (DGP), Simplified
Daylight Glare Probability (DGPs) and Predicted Glare Sensation Vote (PGSV).

Studies have used automated shading and lighting control strategies with the common ones using
either visual comfort metrics or the amount of solar radiation entering space. Past studies that use
the common visual comfort metrics include glare indices (Xiong and Tzempelikos, 2016 ; Da Silva
et al., 2012 ; Shen et al., 2014 ; de Vries et al., 2021; Kunwar and Bhandari, 2020 ; Bian et al.,
2020), vertical illuminance inside the building (Bian et al., 2020; de Vries et al., 2021; Kunwar &
Bhandari, 2020; Shen 2012; Xiong and Tzempelikos, 2016). For solar radiation-based control, a
solar radiation threshold is used to control the radiation entering the space (Tzempelikos and
Athienitis, 2007; Wankanapon and Mistrick ,2011; Shen 2012; Shen and Tzempelikos, 2012; A.
Atzeri et al., 2018). Usually, this value ranges from 20 W/m? to 400 W/m?. In addition to using
visual comfort criterion or solar radiation entering the space, some studies have also used factors
such as occupant behavior (Bourgeois et al., 2006)(Athanassios Tzempelikos & Athienitis,
2007)(Da Silva et al., 2012)(E. Shen et al., 2014), sun tracking (de Vries et al., 2021; E. Shen et

al., 2014), indoor temperature (Karlsen et al., 2016), HVAC state (heating/cooling mode) and
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different controls for day and night (E. Shen et al., 2014) to develop integrated shading and lighting
controls.

The general conclusion from these lighting and shading control strategy review studies is that
simple automated shade control using glare metrics works best for both visual comfort and energy
use reduction as compared to any other control strategy. Thus, this study plans to use a glare-based
control strategy using a metric called DGPs (Simplified Daylight Glare Probability). DGPs is a
simple empirical relation between vertical illuminance at the eye level of the occupants and glare
and can be used as the simplified version of DGP. As per (Weinold 2007), a DGPs value of 0.35
and higher can cause visual discomfort for occupants and is considered as the upper threshold for
glare. This glare value corresponds to a vertical illuminance threshold of approximately value of
2600 lux.

However, even when using a particular automated lighting and shading different control strategy.
There are many variables that can influence the results of these daylight and energy modeling
studies. These variables include building location (Bourgeois et al., 2006)(E. Shen et al.,
2014)(Karlsen et al., 2016)(Do and Chan, 2020)(Kunwar & Bhandari, 2020), zone orientation
(Wankanapon & Mistrick, 2011)(Shen 2012)(H. Shen & Tzempelikos, 2012)(Da Silva et al.,
2012)(Kunwar et al.)(Kunwar & Bhandari, 2020)(A. M. Atzeri et al., 2018)(Do and Chan, 2020),
Window-to-Wall Ratio (WWR) (E. S. Lee & Selkowitz, 2006)(Wankanapon & Mistrick, 2011)(H.
Shen & Tzempelikos, 2012)(Da Silva et al., 2012)(E. Shen et al., 2014)(A. M. Atzeri et al., 2018),
sensor distance from the window or sensor orientation (E. S. Lee & Selkowitz, 2006)(Wankanapon
& Mistrick, 2011)(Konstantzos et al., 2015)(H. Shen & Tzempelikos, 2012)(Kunwar et al.,
2019)(Bian et al., 2020), shade material types and properties (Wankanapon & Mistrick,

2011)(Shen 2012)(H. Shen & Tzempelikos, 2012)(E. Shen et al., 2014)(Karlsen et al., 2016)(A.
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M. Atzeri et al., 2018), window/glazing configuration (E. S. Lee & Selkowitz, 2006)(Da Silva et
al., 2012)(A. M. Atzeri et al., 2018)(Do and Chan, 2020) for evaluated control strategies

Although the studies stated above provide sensitivity analysis for input variables. Parametric
models can be used to see the influence of all the variables at once as opposed to sensitivity analysis
where a particular variable is changed while all others are fixed. Another approach is to use
optimization models which rank the input variable for a particular objective function. Table 3-1
shows a review of past literature for parametric or optimization studies that include daylighting
components. Therefore, studies with just daylight modeling are selected or studies with both
daylight and energy modeling are chosen for review. All the studies with just energy modeling are
excluded. Various parameters such as simulation tools used, optimization method if used, input
variables for optimization/parametric model, type of shading system and output metrics used for

selection of the best model are shown for each study in Table 3-1.
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Table 3-1 Review of Parametric/Optimization studies with daylight simulation

: Simulation Simulation Tools Optlmlzatlon_ : - :
Reference Location type used tooI/Pargrrlletrlc Input variables Shading system type Output metrics
mode
(Toutou et al., Helwan, Egypt | Daylight + RADIANCE and Optimization - WWR South - Horizontal Louvers shades - Useful Daylight Illuminance (UDI)
2018) Energy EnergyPlus using using Octopus - WWR East - Energy Use Intensity (EUI)
(Ladybug and (plugin for - Window material
Honeybee tools) grasshopper) - Wall construction
- Shading depth
- Shading width
- Shade angle
(Wagdy & Cairo, Egypt. Daylight Diva-for-Rhino Parametric model - WWR South - Horizontal Louvers shades - Spatial Daylight Autonomy
Fathy, 2015) - Louvers count, (sDA300/50%)
- Louvers tilt angle, - Annual Sunlight Exposure
- Screen depth ratio, (ASE1000/250h)
- Screen reflectivity - Daylight Availability (DA)
- DGPs (Glare)
(Krarti et al., Atlanta Daylight + DOE-2 Parametric model - Building geometries - No shades - Percent lighting energy reduction
2005) Chicago Energy - Glazing properties
Denver - WWR
Phoenix - Building Location
(Eltaweel & New Cairo Daylight RADIANCE and Parametric model - Slat geometry - Horizontal slats + Electrochromic - Percent area with illuminance range of
Yuehong, 2017) DAYSIM - Glazing type glazing 300-500 Ix
(Hegazy et al., Cairo, Egypt Daylight + Diva-for-Rhino Parametric model -WWR - Tinted glazing - Daylight Autonomy (DA)
2013) Energy and Design - Glazing properties - Perforated screen - Useful Daylight Illuminance (UDI)
Builder - Shade types - Combined shading (overhang+ side - Energy Use Intensity (EUI)
fins)
- Combined shading + Blinds
- Combined shading + Tinted glazing
- Blinds + tinted glazing
(M. ElBatran & Cairo, Egypt Daylight Diva-for-Rhino Parametric model | - Screen perforation % - Perforated screen - Spatial Daylight Autonomy
Ismaeel, 2021) - Screen depth (sDA300/50%)
- Screen Gap width - Annual Sunlight Exposure
(ASE1000/250h)
(K. S. Leeetal., - Daylight Diva-for-Rhino Optimization - Louvers shades - Horizontal Louvers -Daylight Factor (DA)
2016) using Galapagos - Louvers angle - Vertical Louvers
- Louver depth - Delaunay pattern screen
- WWR south - Voronoi pattern screen
(Nasrollahi & Kermanshah, Daylight + Relux Parametric model -WWR - External Awning (overhangs) -Daylight Factor
Shokry, 2020) Iran Energy - Surface’s Reflectivity -Energy Consumption
(Reffat & Cairo, Egypt Daylight + Parametric model - Building rotation - Light shelf - Total energy consumption
Ahmad, 2020) Energy IES-VE - Horizontal Louvers - CIE glare index
- Horizontal sun-breaker - Useful Daylight Illuminance (UDI)
- Vertical sun-breaker
(Konis et al., Helsinki Daylight + RADIANCE and Optimization - Building form - No shades - Useful Daylight Illuminance (UDI)
2016) New York Energy EnergyPlus using Octopus - Shades from surrounding - Energy Use Intensity (EUI)
Los Angeles buildings
Mexico City
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Table 3-1 (cont’d)

(Gonzalez & Sydney Daylight + Diva-for-Rhino Optimization - Shade depth - Horizontal Louvers -Daylight Autonomy (DA)
Fiorito, 2015) Energy using Galapagos - Shade angle -Useful Daylight Illuminance (UDI).
- Shade width -Total Energy Savings.
-Total CO2 emissions
(Bakmohammadi | Tehran- Daylight + Honeybee and Optimization - Building orientation - No shades - Useful Daylight llluminance (UDI)
& Noorzai, Mehrabad Energy Ladybug using Octopus - Wall angle - Daylight Autonomy (DA)
2020) -WWR - Energy Use Intensity (EUI)
- Glazing material - Occupant Thermal Comfort (CRT)
(Fang & Cho, Miami Daylight + RADIANCE and Optimization - Building depth - Horizontal Louvers - Useful Daylight llluminance (UDI)
2019) Atlanta Energy EnergyPlus using Octopus - Roof ridge location - Energy Use Intensity (EUI)
Chicago - Skylight width (m)
- Skylight length (m)
- Skylight location (m)
- Skylight orientation
- WWR — South
- WWR — North
(Kirimtat et al., Daylight + RADIANCE and genetic algorithm - Distance from glazing - Fixed amorphous panels - Total Energy Consumption (TEC)
2019) Energy EnergyPlus (NSGA 1) and - Rotation with respect to - Useful Daylight llluminance (UDI)
(JcGA-DE) glazing
(Pilechiha et al., Tehran. Daylight + Ladybug and Optimization -WWR - No shades -Spatial Daylight Autonomy
2020) Energy Honeybee tools using Octopus - Window location on wall (sDA300/50%)
-Annual Sunlight Exposure
(ASE1000/250h)
- Useful Daylight llluminance (UDI)
- Energy Use Intensity (EUI)
(Zani et al., Xi'an, China Daylight + EnergyPlus NSGA-II - WWR, - No shades - Total Energy Consumption
2017) Energy - Zone Orientation - Indoor thermal comfort
- Glazing material - Work plane illuminance
(Mahdavinejad Tehran-Iran Daylight + Daysim and Optimization - Shade depth -Horizontal Louvers - Heating and cooling energy
& Mohammadi, Energy EnergyPlus using Octopus - Shade angle - Useful Daylight Illuminance (UDI)
2018) - Distance from facade
(Zhang et al., Tianjin, China Daylight + RADIANCE and Optimization - Orientation - Venetian blinds Heating + lighting energy demand,
2017a) Energy EnergyPlus using Octopus - Room /corridor depth - Roller shade - Summer thermal discomfort (STD)
-WWR - Useful Daylight llluminance (UDI)
- Glazing materials
- Shading types
(Manzan & Trieste, Daylight + Daysim and ESP-r modeFRONTIER | - Glazing Type -Venetian blinds. - Useful Daylight Illuminance (UDI)
Clarich, 2017) Italy Energy (FAST), - Blind angle - Energy Use Intensity (EUI)
NSGA Il - Blind depth
(Motamedi & San Francisco, Daylight + RADIANCE and - Optimization - Optimize Skylight Floor - No shades - Spatial Daylight Autonomy
Liedl, 2017) Energy EnergyPlus (gradient descent) | Area Ratio (SFR) (sDA300/50%)
Exhaustive search - Useful Daylight Illuminance (UDI)
(parametric - Source energy
analysis) in
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The building shape or form factor is another variable that affects both the energy use and amount
of daylight available in the building significantly. For instance, when comparing a long rectangular
building with a square shaped building, the long rectangular shape can provide a higher percentage
of building floor with daylight as compared to the square building. However, for the same volume
the rectangular building has more wall surface exposed to the outside, increasing the heat transfer
due to conduction. Various studies such as (Mokrzecka, 2018) (Feng et al., 2021) (Catalina et. al.
2011) (Zhang et al., 2017b) use the term compactness which is the volume to surface area ratio.
Table 3-2 shows the studies that have building form as one of the variables for sensitivity analysis.
However, most of the studies evaluate the impact of building form on energy use and thermal
comfort and not visual comfort. Though these studies only provide energy analysis they do a wide
variety of building shapes such as square, Rectangular, T-shaped, L-shaped, C-shaped, U- shaped,
H- shaped, Trapezoidal, Cross shaped and some free form shapes.

Further, studies that include both energy and daylighting analysis such as (Krarti et al., 2005) and
(Fang & Cho, 2019) considered different building form factors for rectangular building. Study
(Krarti et al., 2005) does not use any shades in the analysis whereas study (Fang & Cho, 2019)
used horizontal louvers with skylights for it analysis. Study (Konis et al., 2016) also explores non-
rectangular building form factors with no shades for its impact on EUI and UDI. This study also
evaluates the impact of nine (9) different building form factors apart from all the other goals

mentioned before.
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Table 3-2 Review of studies involving building form

Reference Location Simulation type Building form variables S'mUI?}s‘gQ Tools Goal of the study
(Smith, 2012) Minneapolis Energy (3) Building shapes and DOE-2 simulation Study the change energy used due to
Baltimore zoning patterns engine with different building shapes (non —
Atlanta Autodesk® Project rectangular shapes)
Phoenix Vasari
(Dogan et al., Phoenix Energy Building forms explored EnergyPlus using Explores energy use difference for
2015) Anchorage Grasshopper and different building shapes with internal
Boston - Rectangular, Courtyard Archsim topologies such as corridor locations,
type, Polyline, and compartmentalization, and open
Freeform building layout
(Gratia & De Belgium Daylight + Building forms explored TAS software Categorize building form based on
Herde, 2003) Energy package for thermal compactness (Volume to surface areas
- Square (single story), analysis of buildings | ratio)
Square (multi story),
Rectangular, Cross-
shaped, Polyline
(Mokrzecka, (Kdppen Energy Explores 40 different Sketchup and Investigate the impact variables such as
2018) climate building shapes involving. | Sefaira building shape and orientation on its
classification heating energy use and indoor comfort
Dfb and Cfb) - Square, Rectangle, L-
shaped, C-shaped and U-
shape
(Feng et al., Fort Collins, Energy Building shapes explored whole-building Optimization of energy consumption in
2021) Colorado energy simulation, residential buildings
-Rectangular, T-shaped, RIUSKA is used
L-shaped, C-shaped, U-
shaped, H- shaped,
Trapezoidal, Cross shaped
(Catalina et. Lyon and Daylight + Building shapes explored Empirical relation Estimate energy consumption for
al. 2011) nice Energy for energy model different building shapes, glazing areas
-Rectangular, T-shaped, and and locations using energy and
and stepped 2 story Dialux for daylighting model
building model daylighting model
(Zhang et al., (8) cities in Energy Building shapes explored DesignBuilder. Impact of variable such as building
2017b) cold climate simulation shape, window to wall ratio, room
in China Rectangular, L-shaped, depth, and orientation on the energy
C-shaped, H- shaped use and thermal comfort in school
H- shaped with atrium, buildings
Block shaded/courtyard
(Krarti et al., Atlanta Daylight + Rectangular building with | DOE-2 Explored the impact of building
2005) Chicago Energy 4 different aspect ratios geometry, window opening size, and
Denver glazing type and location using on
Phoenix daylighting and energy use
(Konis et al., Helsinki Daylight + non-rectangular building RADIANCE and
2016) New York Energy form factors EnergyPlus
Los Angeles
Mexico City
(Fang & Cho, Miami Daylight + Rectangular building with [ RADIANCE and Explored the impact of building aspect
2019) Atlanta Energy different aspect ratios EnergyPlus ration, WWR, and skylight size on
Chicago daylighting and energy use with an
optimization model

3.2 Research gap and goals

Various studies have explored using parametric/optimization models to estimate what set of input

variables can be used

to optimize

respective output

metrics.

The studies using

parametric/optimization models with shading system as roller shades is limited (M. ElBatran &

Ismaeel, 2021) (Hegazy et al., 2013) (Zhang et al., 2017a) . Most literature studies focus on using
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horizontal and vertical louvers. Although studies involving controls based on roller shades provide
sensitivity analysis to input variables. A parametric model can be used to estimate the influence of
all the variables at once as opposed to sensitivity analysis, where a particular variable is changed
while all others are fixed.

Further, studies using a parametric model for a roller that switches between different shade
positions based on a control strategy are rare. This study uses roller shades with three shade
positions (fully open, 50 percent closed, and fully closed). Further, this study uses a daylighting
model that controls shade in all four orientations independently for each timestep. Literature
reviews for parametric/optimization studies for daylighting models usually use only two output
metrics, Energy Use Intensity (EUI), and one daylighting metric, usually Useful Daylight
Illuminance (UDI) or Daylight Autonomy (DA). A few studies have also used Spatial Daylight
Autonomy (sDA) and Annual Sunlight Exposure (ASE) as the output metrics for visual comfort.
This study uses a glare-based daylighting control strategy (shades are lowered if DGPs>0.35) with
multiple output metrics such as Energy Use Intensity (EUI), Useful Daylight llluminance (UDI),
view to the outside, and percent improvement in thermal comfort.

The office building is the most common type of commercial building in the United States (U.S.
EIA 2018). In addition, over 50% of the commercial buildings are smaller than 5500 sq. ft. (U.S.
EIA 2018) and can thus be categorized as small office buildings. Thus, this model uses a single-
floor small office building with a total area of 5500 sq. ft (510 m?). The model uses the US DOE
commercial Prototype building model (U.S. DOE 2020) for various building schedules, setpoints,
and building loads such as equipment, lighting, and ventilation load. The latest energy code

standard ASHRAE 90.1- 2019 is used for the building envelope properties as it is assumed that all
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the new buildings that will be constructed will follow the strictest energy code for a conservative
estimate of energy savings.

Thus, an energy and daylighting model is developed using six (6) input variables such as WWR
for all four orientations, shade material openness factor, and the length overhang depth to evaluate
the best-case scenarios for UDI, EUI, view to the outside, and improvement and thermal comfort.
This process is repeated for nine (9) different building form factors to estimate the variation in
results as the building form factor is changed. To determine the incremental change of each
parametric run over a certain baseline case, the default DOE small office building model is used
with AHSRAE 90.1 - 2019 building, schedules, setpoints, building loads and building envelope
properties with the same form factor and WWR as the parametric run. The baseline case does not
have any window overhangs or shades with no lighting and shading controls.

The remainder of this research is organized as follows, Section 3 discusses the validation of a
daylighting model for a test building in Ankeny, lowa. Section 4 discusses the steps for building
daylighting and energy model development for the parametric run. Section 5 discusses the results
of the validation model whereas Section 6 shows best-case results for the parametric model run.
Section 7 includes the discussion and the limitations of the study and finally, section 8 concludes
the findings for this study.

3.3 Daylight model validation

3.3.1 Test Setup and measured data

The study aims to find the best-case scenario for input variables such as WWR by orientation,
window shade properties, and length of window overhangs for a rectangular building for different
form factors while optimizing visual comfort and energy use. However, before building the

optimization model, a real building was used to validate various variables considered fixed for the
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optimization, such as wall, ceiling, and floor reflectivity. The validation model also provides
further confidence that the current setup used for daylighting and energy simulation using
RADIANCE and EnergyPlus with Ladybug tools as the interface will provide satisfactory results
during optimization without errors.

The test building is located in Ankeny, lowa, and consists of six identical rooms, two facing each
South, East, and West. Each room pair is labeled as Room A and Room B and shown in Figure 3-
1(a). For this study, only Test Room A for all three directions is used for validation. The main
difference between rooms A and B is the type of window glazing used. Room A uses a double
plane window with 3 mm of clear glass on both sides with an air gap, whereas glazing in Room B
is used as a double pane window low-E glazing on one side with an air gap that is 90 % argon and
10 % air. The window area for the test room is 6.88 m?, which makes up approximately 48% of
the exterior facade area of each room. These windows are approximately 0.91 meters above the
finished floor height. Window glazing properties for Test Room A are specified in Table 3-3. The
lighting system in each test room consists of four 0.6 m x 0.6 m recessed grid troffers, as shown

in Figure 3-1(b). Each fixture contains three U-shaped T8 fluorescent tube lamps sized 31 W.

A Test Room B Test Rocm

= 1=l | =
est Te | I East Test Room F l B
West Test Rooca B I l East Test Roow A I ,E . Il ' ’ [:N’
--j — - ) amsors @ ‘ 3 "
/ | —= [ [=] [ | [=] | j’ =]
S il il B e )
i ] = k X

Figure 3-1 Room orientations for test facility in Ankeny, 1A
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Table 3-3 Description of window used in all the Test Room A (all three directions)

Visible Shading

Type of glass Size U-factor Transmittance Coefficient

Double pane Clear/

1.52mx4.63m 3.12 W/m*K 81% 0.85
Clear 3 mm glass

Illuminance data is collected for four sensor points (three at the work plane level and one vertical
sensor at the occupant’s eye level to simulate glare) inside the room, as shown in Table 3-4. Data
collected by these sensors (+/- 5%) was used for model validation. A weather station was used to
collect weather and solar data, including global horizontal and direct normal irradiation, ambient
temperature, relative humidity, wind direction, and wind speed at the test site during illuminance
data collection. The collected weather data was used to create a custom weather file for daylight
simulation. The collected illuminance data and the simulated data are compared hourly for
validation.

Table 3-4 Position of illuminance sensors in the test room

Sensor type Height from floor Distance from exterior window
Work plane illuminance 0.76 m Im,25m,4m
Vertical illuminance 1.2m 3m

(a) (b)

Figure 3-2 (a) Location and labels for sensors and (b) Radiance geometry for the test room
3.3.2 Validation model description
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To model the daylighting, RADIANCE is used, which is a set of programs used for lighting design.
This is used in a Ladybug and Honeybee v.1.1.0 (Ladybug tools) environment, a plugin for
Rhino3D and Grasshopper (Rhino 3D v.6.0). The main inputs used for the daylighting model used
for model validation are (i) zone geometry and reflectance values for zone surfaces such as walls,
ceiling and floor) and transmittance for windows (ii) sensor locations and direction, and (iii)
weather data as an input to generate illuminance. These inputs are described in detail below.
0] The building geometry was drawn using Rhino based on the room dimensions. The
zone surface reflectivity used for the model are shown in Table 3-3
(i) The sensors were placed in the model at a distance as shown in Table 3-5 and Figure
3-2. The work plane sensors face the ceiling whereas the vertical sensor faces the
window and is located at the occupant’s eye level.
(iii)  The weather data collected at the test Location is used to develop a weather file that is
used for the daylighting simulation. The test location (Ankeny, 1A) falls under
ASHRAE climate CZ 5A which can be described as cool and humid.

Table 3-5 Surface reflectance values used for the daylighting model

Surface type Surface reflectance
Walls 0.8
Ceiling 0.7
Floor 0.2
Door 0.2
Ground 0.2

The daylighting model is set to run for the whole year with a timestep of 1 hour. The Measured
data and the simulation results are compared at an hourly level for the days measured data was
collected. The measured and the simulated results are compared using the Metric CV-RMSE (Root

Mean Squared). There is no established limit for CV- RMSE for comparing daylighting data unlike
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energy consumption results using ASHRAE guideline 14. The results for all three Test Rooms are
shown in the model results section.

3.4 Parametric model building and description

Figure 3-3: Modeling workflow for optimization

3.4.1 Input Variables
Various inputs for the model are varied to see the change to quantify the change in the output
metrics. The initial variable selected is the building form factor which is used to fix the building
shape. The best parametric solution is developed for each building form factor. The rest of the
variables such as WWR by orientation, shade properties, and the shade overhang length are
updated till an optimized solution is found for each building form factor. This process is repeated
for each building form factor listed in figure 3-4 below. All the input variables are discussed in
detail below.
e Building form factor: This is used as the variable to select an overall building aspect ratio.
All the building form factors for which the optimized solution is found are shown in Figure
3-4. For building form factors (4:1, 3:1, 2:1, 1.5:1) the longer side faces the South and the
North side whereas for the building form factors (1:4, 1:3, 1:2, 1:1.5) the longer side faces

the East and the West direction. Building form factor (1:1) is a square building with all
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sides equal. The building area for all the form factors is the same and is 511 m? which is

the area for the US DOE small office prototype building model.

Figure 3-4: Input variable — Building form factor
¢ Window to Wall Ratio (WWR): The model used 4 different inputs for WWR ratio for
the optimization as shown in figure 3-5. These include the following WWR option (25% ,
50% and 75%). Figure 3-5 shows all the window WWR configurations used in the
optimization. For simplicity figure 3-5 shows the same WWR for all orientation, however
the model uses different WWR input variable for each orientation (South, East, North and
West), that is four different variables are used for optimization namely WWR_South,
WWR_North, WWR_East and WWR_West. For instance, the model can have 25% WWR
for the south side, 50% WWR for the East and the West side and 75% WWR for North
side during the optimization. Thus, this leads to 81 possible window combinations of the

WWR variable.
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Figure 3-5: Input variables - WWR

e Shade material: The model used 4 different inputs for shade material based on the shade
openness factor (1%, 3%, 5% and 10%). The RADIANCE 2-phase method is used for the
daylighting simulation. A BSDF (Bi-directional Scattering and Distribution Function) file
is used to define the shade properties. These BSDF files were generated using WINDOW
LBNL v.7.7 for a window with and without roller shades.

e Shade overhang depth: The model used 2 different inputs for shade overhang depth for
the optimization as shown in Figure 3-6. These include no shade overhangs and the other
with a shade depth of 1 meter. The same shade overhang depth is used for all the

orientations.

Figure 3-6: Input variable — Overhang depth

Therefore, considering all input variables, this leads to 648 daylighting models for each form
factor. Further the model also considers the shades opening and closing in three positions (Full

open, 50 % closed and fully closed) based on the amount of glare at the vertical sensor points. As
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running daylighting simulation and be very time intensive a cloud-based computing platform
called pollination is used for the daylighting simulations.

3.4.2 Daylighting model

Similar to the validation model, the daylighting model used the RADIANCE 2-Phase matrix
method in a Ladybug and Honeybee v.1.1.0 (Ladybug tools) environment, which is a plugin for
Rhino3D and Grasshopper (Rhino 3D v.6.0). The main steps for the daylighting used for
optimization model are shown in Figure 3-3. They are as follows: (a) Develop zone geometry (b)
Horizontal and vertical sensor placement (c) Run daylighting model with 3 cases with Pollination
(d) Calculate glare and select shade position | Evaluate average view to the outside (f) Evaluate
UDI. These steps are explained in detail below.

(d) Develop zone geometry: The building geometry is made using the building form factor
variable, and the other variables (WWR, shade material properties, and shade overhang
length) with the fixed variables such as surface reflectivity for wall, floor, and ceiling
surface) discussed in the validation section.

(e) Horizonal and vertical sensors: The horizontal sensors are used to calculate the UDI and
the lighting energy use, while the vertical sensor is used to calculate glare, which is used
to control the shades. The horizontal sensors are placed throughout the zone in a grid (1.5
m x 1.5 m) at a height of 0.76 m, as shown in Figure 3-7. The vertical sensor is placed at a
distance of 1.5 meters from the window, facing the window, and at a height of 1.2 meters

(eye level).
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Figure 3-7: Work plane sensor grid points (0.76 meters high) and vertical sensors at eye level
(1.2 meters high)

() Run daylighting model (for three shade positions) on Pollination: Based on the inputs

from step (a) and step (b). Inputs for the RADIANCE simulation is generated for all 648
models. This includes all three cases with shades fully closed, shades 50% closed, and
shades fully open for the entire year to mimic the lowering of shade based on available
daylight. Once the RADIANCE simulation inputs are generated for all the models, these

are submitted for a batch run using Pollination.

(9) Glare calculation and shade position selection: Once all the models are run on the

pollination cloud, the results for each model are loaded sequentially, including the
illuminance results for the workplace and vertical sensors. The shade position is selected
between fully closed, 50% closed, and fully open based on a control strategy that uses glare
for control. The glare metric used for control is DGPs (Simplified Daylight Glare
Probability), an empirical relation between the glare and the vertical illuminance at eye
level. The DGPs value above which glare is perceptible by the occupants is 0.35, which
corresponds to 2600 lux of vertical illuminance at the eye level. Thus, using the simulated

vertical illuminance value, DGPs is calculated. If the DGPs value at a particular timestep

112



is greater than 0.35, the shades are closed to 50%, and if the DPGs is still greater than 0.35,
then the shades are fully closed.
(h) Output variable — Evaluate average view to the outside: View to the outside is
calculated as the sum of values assigned to view for each timestep. For each timestep, if
the shade is fully open the view is assigned a value of 1, if the shades are half closed a
value of 0.5 is assigned and if the shades are fully closed the view is assigned a value of 0.
These values are summed for the entire year to get a view to the outside for each orientation.
The average view to the outside for the entire model is the average for all four orientations.
(i) Output variable — Evaluate average UDI100-2000: The UDl100-2000 for the entire building
is the count of work plane sensors with illuminance between 100 lux and 2000 lux at each
timestep for the selected shade position. The average UDI100-2000 for the entire building is
the average for all the timesteps between the hours of 8 a.m. to 5 p.m. each day of the year.
3.4.3 Energy model
The energy model used EnergyPlus (v8.9.0) for energy simulation in a Ladybug and Honeybee
v.1.1.0 (Ladybug tools). The inputs from the daylighting model are used to update the shade
position and the lighting levels in the energy model to generate two outputs EUI (Energy Use
Intensity) and PMV (Predicted Mean Vote). The main steps for energy simulation for the
optimization model are shown in Figure 3-3 and are as follows (a) Update shades in the energy
model (b) Update lighting level (c) Run energy simulation and (d) Evaluate EUI and PMV
(a) Updated shades in the energy model: Based on the selected shade position from the
daylighting model. One of three shaded positions (fully open, 50 % closed, and fully
closed) is selected for each timestep, and an hourly schedule is developed for the shade

operation. The shade position schedule is applied to the energy model.
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(b) Update lighting levels: The zone is assumed to use a continuous dimming control with a
setpoint of 500 lux. The lighting power is assumed to be linearly proportional to the lighting
level (lux). The original LPD is reduced based on the available illuminance at the work
plane sensors in the zone. If the illuminance at the sensor is greater than 500 lux, then a
LPD of zero is assumed for the area associated with that sensor. For instance, if the zone
has 20 sensors, each sensor is responsible for dimming lights for 1/20 of the area. If the
illuminance at any sensor is between 0 and 500 lux, the LPD is reduced to provide the
remaining amount of light such that the total daylight and artificial light is 500 lux.

(c) Run energy simulation: Two energy simulation models are generated to estimate results,
(i) a baseline energy model, one which does not include any shading and lighting control
but with the same form factor, and (ii) an updated model in which the selected shading
position and LPDs are updated based on the daylighting result. Both the energy models
assume ideal air loads

(d) Evaluate EUI and PMV: For both energy models, the annual EUI for the entire building
is calculated as the summation of cooling, heating, and lighting loads divided by the total
area for the entire building. Heating, cooling, and lighting energy are expressed in KWh/m2.
Further to estimate thermal comfort, Predicted Mean vote (PMV) is used, which is a scale
between -3 to + 3 where positive three (+3) denotes the room is too hot, whereas negative
three (-3) denotes the room is too cold. The calculation for PMV and the variables used to
calculate it are discussed in detail here [ASHRAE 55].

3.5 Validation model results
The Figures (3-8 to 3-10) below show the comparison between the test building measured data

with the simulated results for all three Test Rooms for the South, West, and East zones,
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respectively. CV-RMSE is used as the metric for comparison. Table 3-6 shows the period for
which the data for which measured and simulated data is compared for each Test Room. For the
south-facing zone, the simulated data matches well with the collected data for all four (4) sensor
points. For the West and the East zone for work plane sensor (WPI_2), the simulation
overestimates the illuminance values for a few hours in the evening and morning, respectively.
However, the higher simulated results for a few hours can be ignored as the control strategy used
for shade control in the optimization section uses glare control at the occupant’s eye level (sensor
V1) to choose an appropriate shade position (Fully open, 50 % closed and fully closed). The glare
metric used for control is DGPs (Simplified Daylight Glare Probability), an empirical relation
between the glare and the vertical illuminance at eye level. The DGPs value above which glare is
perceptible by the occupants is 0.35, which corresponds to 2600 lux of vertical illuminance at the
eye level. The overpredicted values occur when vertical illuminance is significantly higher than
2600 lux, so the shades will likely be fully closed during these timestamps. The simulated
illuminance values for all the other sensor points (WPI_1, WPI_2, and VI) satisfactorily match the

collected data for the West and the East zones.
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Figure 3-8 Work plane and vertical illuminance sensor validation for the South zone
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Workplane Illuminance sensor WPI_1 (RMSE = 86.1)

Workplane llluminance sensor WPI_2 (RMSE = 111.2)
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Figure 3-9 Work plane and vertical illuminance sensor validation for the West zone
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Figure 3-10 Work plane and vertical illuminance sensor validation for the East zone

Table 3-6 Validation results RMSE summary

Zones
orientation

Time
period
(days)

WPI_1 sensor
(CV-RMSE)

WPI_2 sensor
(CV-RMSE)

V1 sensor
(CV- RMSE)

WPI_3 sensor
(CV-RMSE)

South

9 76.8

29.3

34.8 27.4

East 10 103.2

125.2

74.8

148.2

West 7 86.1

121.3

45.4

106.1

3.6 Parametric simulation model results

The Figures (3-11 to 3-19) below show the scatter plot for four different metrics that are maximized

in the namely percent total EUI reduction as compared to baseline, Average UDI for all four

directions for times between 8 am to Spm, time’s view to the outside and percentage improvement

in thermal comfort. All the black dots represent all the iterations whereas the value in green shows
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the best-case solution for all four variables combined for all the 648 parametric iterations for each
form factor. Each the sublot, which consists of two variables, also shows a pareto front, which is
the best solution for those pair of variables. Figures (3-11 to 3-15) show these results for 5 different
building form factors namely (1:1, 1.5:1, 2:1, 3:1, 4:1). For all the rectangular building form
factors. The longer side faces the North — South direction. Appendix A also shows the results for

form factors (1:4, 1:3, 1:2, 1:1.5) where the longer side faces the East- West direction.
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Figure 3-10 Scatter plot and parent front for form factor (1:1)
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Figure 3-11 Scatter plot and parent front for form factor (1.5:1)
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Figure 3-12 Scatter plot and parent front for form factor (2:1)
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Figure 3-13 Scatter plot and parent front for form factor (3:1)
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Figure 3-14 Scatter plot and parent front for form factor (4:1)

For all the points selected for the pareto front shown in Figures (3-10 to 3-14) for two (2) variable

combination and Tables 3-7 to 3-12 below provide additional information on what the input

variables for the best selected models far. The tables below compare the most common input

variables using histograms. As the number of points making the pareto front vary for all the two

(2) variable combinations and for different building form for the same variable combinations,

percentage values that a particular input variable is selected is also shown with the histograms.
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Tables 3-11 to 3-14 compare six two (2) variable combinations namely (i) EUI and UDI, (ii) EUI
and View (iii) EUl and PMV (iv) UDI and View, (v) UDI and PMV, and (vi) View and PMV. For
each of these two variable combinations the Table provides results by building form factor for five
(5) different building forms namely (1:1, 1.5:1, 2:1, 3:1, 4:1). For each of the form factors the
histograms are shown for all the input variables used in the study (WWR by orientation, shade
openness factor and window overhang depth). Table 3-13 however, shows the similar result for
four (4) variable combinations that is, all the performance metrics. The points shown in Table 3-
13 correspond to all the green points shown in Figures (3-10 to 3-14). Appendix B also shows the
results for form factors (1:4, 1:3, 1:2, 1:1.5) for all the two (2) variables combinations whereas
Appendix D provides the results for form factors (1:4, 1:3, 1:2, 1:1.5) for four (4) variables
combinations. Additionally, Appendix C also shows results for 3-variable combination for all nine

(9) building form factors (1:1, 1.5:1, 2:1, 3:1, 4:1, 1:4, 1:3, 1:2 and 1:1.5).

122



Table 3-7 Input variable histograms for Pareto Front 2 variable combination (EUI and UDI)
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Table 3-8 Input variable histograms for Pareto Front 2 variable combination (EUI and View)
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Table 3-9 Input variable histograms for Pareto Front 2 variable combination (EUI and PMV)
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Table 3-10 Input variable histograms for Pareto Front 2 variable combination (UDI and View)
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Table 3-11 Input variable histograms for Pareto Front 2 variable combination (UDI and PMV)
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Table 3-12 Input variable histograms for Pareto Front 2 variable combination (View and PMV)
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Table 3-13 Input variable histograms for Pareto Front 4 variable combination (EUI, UDI, View, and PMV)
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WWR by zone orientation

Three input options were used for the WWR variable are (WWR 25 %, WWR 50% and WWR
75%). The model also uses WWR variables for each orientation separately. For instance, the model
can have 25% WWR for the South side, 50% WWR for the East and the West side and 75% WWR
for North side as one of the iterations for the parametric run. Thus, this leads to 81 possible window
combinations with just the WWR variable.

WWR North

For the North side, for most of the building form factors the optimum solution for two (2) variable
combinations the results are a mix of all the WWR combinations and there are no conclusion best
solutions patterns observed. The results are also inclusive when all four metrics are considered as
in Table 3-13.

WWR East

The building form factor shifts from 1:1 (square-shaped building) to a building form factor of 4:1
where the East side is shorter. The optimum solution for two (2) variable combinations prefers
lower WWR for two (2) variable combinations variables involving View to the outside For the
other two (2) variable combinations variables involving EUI, UDI, and thermal comfort the results
shift from high WWR ratio for from factor of 1:1 to an even split between all the WWR ratios for
from factor of 4:1. When all the four metrics are considered as in Table 3-13, the overall solution
shifts sightly high preference for higher WWR ratio for square shaped building to an even split for
all the WWR for from factor of 4:1.

WWR South

For most buildings form factors for the South facing side South side. For all the five building

factors, the preferred WWR for the best variable for a two (2) variable combination pareto results
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involving EUI (such as EUI and UDI, EUI and View, EUI, and PMV) is predominantly higher
WWR. This is coupled with the shade openness factor selected as 1% which doesn’t allow much
solar ration into the space. It is also highly likely that shade is closed for the south side during very
timesteps with high glare causing daylight. The preferred WWR for the South side for the best
variable for two (2) variable combinations involving variables other than EUI is a mix of all the
possible WWR combinations. For various cases for two (2) variable combinations involving
variables other than EUI, the shade openness factor preference is higher (5% and 10 % openness
factor) which works well with lower WWR. When all four metrics are considered Table 3-13, the
solution shifts sightly high preference for a higher WWR ratio for all the building form factors.
WWR West

For the West side, for most of the building form factors the optimum solution for two (2) variable
combinations prefers higher WWR for two (2) variable combinations variables. When all four
metrics are considered in Table 3-13, the overall best solution still prefers a higher WWR ratio for
most building forms.

Shade openness factor

The four (4) input options used for the Shade openness factor for this variable are (1% openness,
3% openness, 5% openness, and 10 % openness. For all the five building factors, the preferred
openness factor for the best variable for two combination pareto results involving EUI (such
as EUI and UDI, EUI and View, EUI, and PMV) is predominantly a 1% openness factor. While
the preferred openness factor for the best variable for two combination pareto results involving
UDI and View (such as UDI and View, UDI and PMV, View, and PMV) is predominantly 5% and
10 % openness factor with more instances with the best solution with 10 % openness factor. When

all four metrics are considered as in Table 3-13, of the solutions the best model uses a 1 % openness
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factor with other 50 % of the time the best model uses a 3%, 5 %, and 10 % openness factor. The
variation in result between building form factors is not significantly different.

Shade overhang depth

The two (2) input options used for the Shade overhang depth are either no shade overhang or shade
overhang with a depth of 1 meter. As the variable is most suspected to impact the view and the
UDI metrics more. As the view to the outside is based on the glare caused to the occupants and
shade subsequently closing if the glare values (DGPs exceeding 0.35). The UDI is calculated for
the bin between 100 and 2000. The results for two (2) variable combinations for the best solution
selected for all the 6 combinations the results is mixed on if shade overhang should be used or not.
And the results seem inconclusive. This might be possible as a 1-meter shade overhang might not
be sufficient distance for a window overhang to influence the results. When all four metrics are
considered as in Table 3-13, no overhangs are slightly preferable for square buildings whereas
overhangs with 1 meter depth are preferable for more rectangular buildings. However, the
difference is very close to 50-50. Therefore, the variation in result between building form factors
is slightly different.

3.7 CONCLUSIONS

The energy consumption and the visual comfort depend on multiple variables, such as different
room sizes, zone orientation, and building location, and various other variables such as window
configurations, sizes, and shading materials. Past studies have used parametric/optimization
methods to find the ideal combination of these variables to optimize both Energy Use Intensity
(EUI) and UDI (Useful Daylight Illuminance). However, these do not consider metrics such as
glare, view outside, and thermal comfort for an optimal solution. Further, studies using

parametric/optimization models with shading systems as roller shades are limited, and further
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roller shade studies that switch between different shade positions based on a control strategy are
rare for parametric and optimization studies. This study thus aims to optimize various variables
such as WWR for all four orientations, shade material properties such as openness factor, and the
length of the building overhang depth to estimate best-case scenarios for UDI, EUI, glare, and
view to the outside, and thermal comfort using PMV (Predicted Mean Vote). The control strategy
used for this study is based on glare that restricts the glare under DGP < 0.35 using roller shades
controlled at (3) positions (Fully closed, 50% closed, and fully open). The study also aims to find
the best-case solution for nine (9) different building aspect ratios. The study uses
Rhino/Grasshopper interface with Honeybee and Ladybug to develop a daylighting model
(RADIANCE) and an energy model (EnergyPlus) for a small office building.

The study concludes that the best solution for two (2) variable combinations such as with one of
the variables involving EUI (such as EUI and UDI, EUI and View, EUI, and PMV) the solution)
is predominantly a low 1% openness factor for shade openness factor combined with high WWR
values (such as 75 % and 50%) for the South and West facing direction. The other set of optimum
solutions involves a high shade openness factor (5% and 10 %) openness factor for shade openness
factor combined with low WWR values (such as 25 % and 50%). For the north-facing direction,
the optimum values for results do not show any particular pattern. For the variable shade overhang
depth, no overhangs are slightly preferable for square buildings whereas overhangs with 1 meter
depth are preferable for more rectangular buildings. However, the difference is very close to 50-
50. Therefore, the variation in result between building form factors is only slightly different.
There are some limitations to this study, as well as opportunities for future work. (a) The minimum
timestep for the analysis is one hour due to the significant time taken for RADIANCE simulation

for granular timesteps. Studies with more granular timesteps for daylighting and energy simulation
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can highlight incremental savings by capturing fluctuating weather conditions. (b) The occupancy
schedule used in the model is based on the DOE model Prototype Building model’s hourly
occupancy schedule. A stochastic model or a case study that accounts for occupancy at a finer
timestep. (c) While using the Ladybug tool’s cloud computing option allows the author to develop
a large parametric model, even with cloud-based tools, it can still be very difficult to add every
variable that influences the model's performance. Further, cloud-based tools currently only allow
for the development of parametric models and not optimization-based models. Optimization-based
algorithms with cloud-based computing can allow more variables to be incorporated into the
simulation for a more fine-tuned result. (d) This study explored input variables such as WWR,
shade properties, and shade overhang depth. However, other variables, such as glazing type,
minimum windowsill heights, and different climate zones, can provide further insight into the
impact. For future work, the author proposes to also study the impact of daylighting and its controls
on different types of commercial buildings. (e) The shade depth variable can be optimized for each
orientation instead of using the same shade depth for all directions (that converts one variable into
four additional variables, increasing the number of simulations significantly). (f) The study only
considers form factors with rectangular shapes. However, buildings with non-rectangular shapes
such as U-shaped, T-shaped, H-shaped, trapezoidal, and other free-form building shapes combined
with the effect of daylight and energy performance are not well studied. If such non-rectangular
building shapes with multiple stories are analyzed, the shading effect of parts of the same building

over other parts of the building must be carefully evaluated.
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TWO VARIABLE SCATTER PLOTS

APPENDIX 3-A
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Figure 3-A



320

o .
» 8
o m .
g .
> "
] =l g b\
£ & o/ [
o = o =
I g NG .
s @
T H
F| %
E e
n .
b
. °
g
2 2 n oo wn g g 2 v 9w o un g
T R R e - P S S S
aseannun uadiad AlWd aseanul Juaosad Apld
- °
. b
o bl
°
w 8
) H
1}
H
o @
» H H
c o, o I
5 = 2z
I g B
& 3
T H
T
2 =
2
&
Y
s le
g
N
o o o © o © o o o
& 2 8 8 8 R 8 R ¢
5 " R AKX & & QI
Bae main
B o 8
~ >
. g &
. @
°
» S
g @ m
£ o
© o =3
w 2 =
E=) H o
c i o o
3 = o &
v g N3
K ) =
T 3
£ e
8
S
. =
&
.8 °
3
2 @ % 9~ @ v = o
g & @& 9 & &g @
& 8 8 8 8 &8 8
6AeTIaN
]
~ = ]
=
/ 0
o
I
N, o
5 H
o
g
~ B . o =
o >
i z H
2 ol
Pl = ® =
> 8 & B
~ 3 E s
g
oF
<3 =)
~ o
~
o
@
s
. . °
g
(=3 ) (=3 [fa} =] (] o ) =1 [’} i=3 [’ o v o w (=3 wn ~ o 3 =3 fa) o ['a)
] 4 2 8 8 & ] a 2 8 8 =2 & 2 2 8 8 8 2 2 2 8 8 8
~ ~ 0~ = R~ @ ~ ~ ~ < K © ~ <= ~ = © ~ ~ <~ = = I
sbujnes yuadiad |10y sBujaes uadlad [e101 sBuines Juadiad [e101 sbupaes Juaorad [p101

PMV_percent_increase PMV_percent_increase PMV_percent_increase

PMV_percent_increase

3)

Figure 3-A.2 Scatter plot and parent front for form factor (1

141



™
o 2 feo
& I
"
o
(=] =} .
) 9 3 " 5
2 &
H
oo
Z g g2 "
£ @ N .
& = 0 L
= B E ., ~
o ==1 <
o
-3 2 .
= ~ *,
3
8 .
o o Fen
~ .
g
& 3 .
° .
8 Feu
SO w o 1w o wn o n o © n o n o ;n o n of n o n o n o n o
6 oW oA % M omonN oA © W oW o F oM oMo N W oW o % M Mmoo
asea.oul uauad Ald aseasnul uaRd Awd 2seanur uaad Ald
™ .
8 g
a
.
o
“ o % =3
& B m
£
]
o
2 2 22
[ " N
S @ ! =
2 =8 3
@ 83> H
2 o
= 2
T &
8 ;
2 o
~
=
@ ~
~,
. “~ o
A
o 2 o = ) o o o o = 2 =
2 2 & 2 g & & 2 2 3 3 &
5 A ~ & A N & A N ~ & &
BAE mMBIA BAE MBI
B ~
. @ o
“ &
“ .
)
a = A
) @
g &
z
o9
2 2 23
2 ® &5
H @ H
m Ww o
o =
o
= I
T s
E
2 o
N
=
// @ M
. <
I
N
[ T T T T S T
I T B S S
2 8 3 8 8 8 & @
BAgT|an
~
@ °
@ I
" I
rr
8
o 2
@ 3 A
o o
(R 2 &
©3
o
Z z g5
] @z 2!
re g ~ B ]
8 5 3= P
2 . &
T ~
o8
© 3
@ @ -
& g
., - ~
t.ote
© =1
I
e o w =3 v al o w 1= w w =3 w = 2 o~ i w
~ ~ © @ 0 ~ ~ @ ] n ~ ~ © @ n ~ 0
6 o © < < < © 8 I o 5

© © ©
sBujaes uadiad @107

sbujnes yaziad [e101

8 I ")
sbuiaes Juaed [P0

© © 6
sbujaes juadiad |10

PMV_percent_increase PMY_percent_increase PMV_percent_increase

PMV_percent_increase

2)

3 Scatter plot and parent front for form factor (1

Figure 3-A.

142



total percent savings total percent savings total percent savings

total percent savings

o
o
ol

o
w
=3

o
s
o)

o
s
o

o
w
@

o
@
&

o
@
=}

o
u
o]

@
w
=}

o
s
&

o
=
k=

o
w
G

o
@
&

o
@
=

o
Il
G

o
I
=)

o
»
G

o
s
E

=
w
<]

o
@
G

o
@
]

o
o
o]

o
I
=

o
.
i

o
s
=3

o
w
bl

6.0
g 87.6
-
K 5.5
K
87.44 v 5.0
g
545
o £
3 87.2 {
B o
d £ 4.0
5
835
87.0 >
& 3.0
86.8 25 .
Ed .
T T T T T T T T T T T T 220 T T T T T T 2.0 T T T T T T
35 6.40 645 650 655 6.60 635 640 645 650 655 6.60 635 640 645 650 655 6.60 635 6540 645 650 655 6.60
total percent savings total percent savings total percent savings total percent savings
; ; 6.0
87.6 1
: 300 5.5
87.4 @ 5.0
g
b
280 545
o 2 £
3 87.2 B o
o N £40
E £ 260 ¢
87.04 9 3.5
H
3.0
240 =
86.8 rd 25 .
’
220 2.0
868 870 872 874 876 868 870 872 874 876 868 870 872 874 876 868 810 872 874 816
UDI_avg UDI_avg UDI_avg Ubl avg
N 6.0
87.64 -
300 7 5.5
87.44 450
3
i
280 5as
o . g £
Z 872 3 ol
il e 240
a (13 o
El 2 260 I
87.0 235
’ g
g 30
240
86.8 1 ra 25 .
. 220 L 2.0 .
240 260 280 300 240 260 280 300 240 260 280 300 240 260 280 300
view_avg view_avg view_avg view_avg
6.0
87.6 4
55 -
87.4 @ 5.0 N
3 +
3
9
. gas .
: o £ .-
3 87.2 o .
il £a0 .-
=) Il R
E 5 .
435 .
87.0 l .
£ 30
86.8 25 .
T T 2.0 T T

3

PMY_percent_increase PMV_percent_increase

PMY_percent_increase

PMY_percent_increase

Figure 3-A.4 Scatter plot and parent front for form factor (1:1.5)

143



APPENDIX 3-B: TWO VARIABLE PARETO RESULTS

Table 3-B.1 Input variable histograms for Pareto Front 2 variable combination (EUI and UDI)

Form
Factor
(1:4)

0.0 %

40.0 %

60.0 %

WIWR 23% WWR 30% WWR 73%

WWR 23% WWR 50% WWR 73%

80.0 %

200 %

0.0%

200 %

80.0 %

0.0 %

WIWR 23% WWR 50% WWR 75%

0.0%

100.0 %

0.0%

WIWR 25% WWR 50% WWR 75%

100.0 %

1%

00% 00% 0.0%
I 5% 10%

B0.0 %

40.0 %

.

ne overhang 1m overhang

Form
Factor
(1:3)

50.0 %

o
WIWR 23% WWR 30% WWR 73%

WWR 23% WWR 50% WWR 73%

B33 %

16.7 %

0.0%

0.0 %

WIWR 23% WWR 50% WWR 75%

66.7 %

500 %

WIWR 25% WWR 50% WWR 75%

833 %

0.0% 0.0%

66.7 %

ne overhang 1m overhang

Form
Factor
(1:1.5)

=
CrNWBUR—mw D RN

WIWR 25% WWR 50% WWR 75%

WWR 25% WWR 50% WWR 75%

1 o0%

41.2 %

WWWR 25% WWR 30% WWR 75%

11.8 %

23.5 %

-

WWR 25%  WWR 50% WIWR 75%

1%

10
5 J
g 53.8 % |
Form . 1
Factor ; _ 1 085
(]_ : 2) 3 1 231% |
2 4
y 1 7.7% 77% 7.7% 1
0 | 1 00% | |
WWR 23% WWR 50% WWWR 75% WIWR 25% WWR 30% WWR 73% WWR 23% WWR 50% WWR 75% WWR 23% WWR 50% WWR 75% 1% % 5%  10% no overhang 1m overhang
54.7 % 1647 %
58.8 % 58.8 %

3% 5% 10%

41.2 %

-

noaverhang  lm averhang
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Table 3-B.1 (cont’d)

Form | .

80.0 %

80.0 %

100.0 %

100.0 %

§0.0 % 60.0 %
Factor | s ] ] ] ] ]
B 200 % 20.0%
@:1) | - | - | | |
200% 20.0 %
. ] i ] i ] i
0.0% 0.0% 0.0% 00% 00% 0.0% 0.0% 0.0%
0 i | i | i
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no cverhang im nvemang
6 f ] f ] f
833% 833 %
5] i ] i ] ,
66.7 % 66.7 %
2l i ] i | i
Form 50.0 % 50.0 %
Factor 333% 333% 333%
(151) 16.7 % 167 %
0.0% 0.0% 0.0% 0.0%
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
10 1 - 1 1 -
o | 1 | 69.2 % l69.2% 1 69.2 %
gl l i ] i
7] 1 il 53.8% 1 i
6.2 %
Form 6 ] ] - ] ]
. | 38.5% 1 ] ]
Factor o] 308% 1308% 308% 1 1 1 z08%
23.1% 1 1 ] 231% 1
( ) i 77 % 77% 7.7% 1
1 0.0% 1 1
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
] i 64.7 % le4.7 % ]
] 58.8 % 1 ] 58.8 %
41.2 % i 1 4a12%
Form 353 % ] i ] i
29.4 % 1204% 29.4% ] 1 1
Factor ] 1 235 % 1
(31) ] 1118% ]
0.0% ] 1
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
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Table 3-B.1 (cont’d)

80.0 % 80.0 %
70.0 %

50.0 % 50.0%

Form | s
Factor | 300% 300%
(4:1) | 2

30.0 %

20.0 % 20.0%
10.0 %

0.0 % 0.0 %
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
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Table 3-B.2 Input variable histograms for Pareto Front 2 variable combination (EUI and View)

Form
Factor
(1:4)

28.6 %

WWR 25%

WWR 50%

57.1 %

WWR 75%

WWR 25%

429%

28.6 %

WWR 50% WWR 75%

42.9%

WWR 25%

WWR 50% WWR 75%

28.6 %

WWR 25%

143 %

WWR 50%

57.1%

WWR 75%

71.4 %

1%

14.3 %143 %

3% 5%

10%

71.4 %

28.6 %

-

nooverhang  1m overhang

Form
Factor
(1:3)

30.0 %

WWR 25%

50.0 %

WWR 50%

20.0 %

WWR 75%

WWR 25%

40.0 %

30.0 %

WWR 50% WWR 75%

20.0 %

WWR 25%

70.0 %

10.0%

WWR 50% WWR 75%

] 10.0%

WWR 25%

30.0 %

WWR 50%

60.0 %

WWR 75%

70.0 %

1%

3% 5%

10%

60.0 %

40.0 %

-

neoverhang  lm overhang

Form
Factor
(1:2)

o
7]
6
5

2
1

30.0 %

10.0 %

50.0 %

50.0 %

10.0 %

70.0 %

60.0 %

40.0 %

=

WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no averhang 1m overhang

ol
70.0 %
. ]
60.0 %
Form | 1
s 50.0 % 50.0 %
Factor 40.0 % 40.0 % 40.0 % 40.0% 40.0% 40.0 %
10.0 % 10.0%
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no nverhang im nverhang
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Table 3-B.2 (cont’d)

71 i ] i 1 i
85.7 %
6] i ] i ] i
71.4%
54 i ] i i
Form 57.1% 57.1% 57.1%
a4 i | i i
Factor 5 42.9 % 42.9 %
(1_1) 2 286% 286% 28.6 % 28.6 %
: 143 % 143 % 143 % 14.3%14.3 %
. i | i | i
o 0.0 %
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no cverhang im uverhang
g i ] i 1 i
7 77.8% T77.8%
66.7 %
Form | ¢ 1 1 1
5 55.6 % 55.6 %
Factor R 44.49% 444% 24.4%
(1 51) N 333% | | | 333% | |
e , 222%
s 11.1% 111%111%
o 0.0 % 0.0 %
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 3% 5% 10% no overhang 1m overhang
ad f ] f 1 [
60.0 % 60.0 % 60.0 % 60.0 %
Form 40.0 % 40.0 % 40.0% 40.0% 40.0 % 40.0 %
2]
Factor

20.0 %20.0 %20.0 %

(21) N 20.0% 20.0% | |

0.0% 0.0 %

=) w
' L L
L
—
' L L L

WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% no overhang 1m overhang
7] ] ) ] ) ]
6 100.0 % 100.0 %
Form | s ] ] ] ]
F t 66.7 % 66.7 %
o] ] ] ] ]
aC Or 5 50.0 % 50.0 % 50.0 %
(31) 5 333% 333% 333%
16.7 %
N ] ] ] ] ]
o 0.0 % 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
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Table 3-B.2 (cont’d)

Form
Factor
(4:2)

30.0 %

WWR 25%

20.0%

WWR 50%

50.0 %

WWR 75%

40.0 %

WWR 25%

40.0 %

WWR 50% WWR 75%

WWR 25%

50.0 %

WWR 50% WWR 75%

WWR 25%

50.0 %

WWR 50% WWR 75%

60.0 %

3%

0.0 %
5%

0.0%
10%

50.0 %

no averhang

50.0 %

1m overhang
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Table 3-B.3 Input variable histograms for Pareto Front 2 variable combination (EUI and PMV)

27.3% 27.3%

Factor | |
(1:3)

18.2 %

%

=
=

14 { - 1 1 {7224 -
4] ] ] 1 1722% ]
127 i 1 1 61.1 % i 1 611%
10 | g 1 1 g —
Form 2 44.4 % ] 1 14.4% 1 ] ]
o] ] 38.9 % 1 1 ] ] 38.9 %
Factor 11333% 1333% 1 1 ] ]
1 ] 27.8 % 1278% 27.8 % 1 ] ]
1:4 3 22.2 % ] ] 1222% ] ]
. 16.7 %
3] ] ] 1 ] ]
2] i ] ] i i
1] ] ] 1 ] ]
ol i 1 1 i i
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% UAWR 25% WWR 50% WWR 75% 1% 3% 5% 10% nooverhang  1m overhang
71 ] j ] ] ]
54.5 %
6 i | i | i
| 5% 45.5% 45.5% 455% 45.5%
Form 36.4 % 36.4% 36.4 % 36.4 % 36.4% 36.4%

00%
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no ﬂVE?’haHg 1m nvemang
g f [ I [ [
ol | 1 | Js0.0% |
. ] 70.0 % ] 70.0 % ] | ]
Form ol 60.0 % 1 1 ] 60.0 % 1 ] 60.0 %
Factor | - ] ] ] ] | g0
300% 300 % 30.0 %
(12) z: | 200 % | | | |
1] mo% ] 10.0% 1 ] 10.0% 1 ]
ol ] 0.0% ] ] 0.0% 0.0% ]
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no uverhang im nvemang
o ] ] ] Je00% ]
o 1 | 80.0 % | 80.0 % 1 ]
7] 1 70.0 % | | 1 ]
Form 6 ] ] ] ]
50.0 % 50.0 % 50.0 %
Factor | 3] ao% 1 ] ] 1 1
2] i ] ] i i
(115) 3 1 200% 1 20.0 % 1 1 1
i 10.0 % 1 10.0 % 1 1 100% 100% 1 10.0 % ]
ol ] 1 oo% | ] 0.0% 0.0% ]
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% ne averhang 1m overhang
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Table 3-B.3 (cont’d)

ié i 76.9 % i 1 769%
o] 1 1 1 l69.2% 1
o 1 61.5% 1 1 615 % 1
Form ;: 26.2 % 1 ] ] 1
Factor | s R ] 1 1 ]
2 i 30.8 % 1 1 i
(11) 3 i 1 1231% i 23.1%
- 5] 15.4 % ] i 15.4 % i 15.4 % ]
1] 1 7.7 % 1 7.7 % ] |
ol i 1 | i
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% ne averhang 1m overhang
7] [ [ [ [ [
100.0 %
6 , , i i i
833%
5 i _ i _ i
Form 66.7 %
24 i i i i i
Factor | ; 50.0 % 50.0% 50.0 % 50.0 %
(1 5 . 1) 5 333% 333% 333%
e L] 187% 16.7% 16.7 %
. 00% 0.0% 00% 0.0% 0.0%
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no ﬂverhang 1m nvemang
g f [ I [ [
80.0 %
o i , i i i
. ] ] ] 70.0 % | ]
F 6 60.0 % 60.0 % 60.0 %
5 i , i i i
Factor | 4 — — — E —
N ] 300 % ] | 1
(2:1) 2 200% 20.0% 20.0% 20.0 % 20.0 %20.0 % 20.0 %
1 10.0 % 10.0 %
04 i i i i
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no uverhang im nvemang
g f f f I f
87.5%
7] i , i i i
6 75.0 % 75.0 %
Form B 625% 62.5%
50.0 %
Factor | “] 1 1 1 1
. 375%
(31) 25.0 % 25.0 % 25.0% 25.0 %
12.5 %
0.0 % 0.0 %
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang

151



Table 3-B.3 (cont’d)

Form
Factor
(4:2)

12.5%

375%

50.0 %

WWR 25% WWR 50% WWR 75%

50.0 %

WWR 25% WWR 50% WWR 75%

31.5%

WWR 25% WWR 50%

12.5%

50.0 %

WWR 75%

12.5%

WWR 25% WWR 50% WWR 75%

0.0 %

87.5%

87.5%

1%

0.0 %
3%

0.0 %
5%

10%

37.5%

no overhang

62.5 %

1m overhang
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Table 3-B.4 Input variable histograms for Pareto Front 2 variable combination (UDI and View)

6
714 %
5|
57.1% 57.1% 57.1%
2]
Form 42.9% 229% 42.9% 229%
N | |
Factor 286% 28.6%
(1:4) |
" 143% 143% 143 % 143 %
1]
ol
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
61
71.4%
5]
57.1% 57.1% 57.1%
4 ]
Form 42.9% 229% 42.9% 42.9%
3]
Factor 286% 28.6%
(1 - 3) 21 1
- 143% 14.3% 14.3 % 14.3 %
1] |
ol | |
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
31 1
100.0 % 100.0 % 100.0 %
Form | ?] ]
Factor 50.0 % 50.0 % 50.0% 50.0% 50.0% 50.0%
1:2) | ]
0.0 % 0.0 % 0.0 % 0.0% 0.0 % 0.0% 0.0% 0.0% 0.0%
0l — ‘ . . : . .
WWR 25% WWR 50% WWR 75% WVIWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no averhang 1m overhang
31 ]
66.7 % 66.7 % 66.7 % 66.7 %
Form | ?] ]
Factor 333% 333% 333% 333% 33.3%333%33.3% 333%
(L:15) | |
0.0% 0.0% 0.0 %
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no nverhang 1m nvemang
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Table 3-B.4 (cont’d)

Form
Factor
(3:1)

WWR 25%

50.0 %

WWR 50%

WWR 75%

WWR 25%

50.0 %

16.7 %

WWR 50% WWR 75%

WWR 25%

WWR 50% WWR 75%

333% 333% 333%

VIWR 25% WWR 50% WWR 75%

1%

0.0% 0.0%

3% 5%

10%

4 ] §
75.0 % 75.0 %
N ] ]
Form 50.0 % 50.0 % 50.0 % 50.0 %
Factor | ?] ] ]
1.1 25.0 % 250% 25.0% 25.0 % 250% 25.0% 25.0%25.0% 25.0%
(1:1) | o ] ]
0.0%
o ] ]
WWR 25% WWR 50% WWR 75% VWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 3% 5% 10% no overhang 1m overhang
4 ] N
100.0 %
N ] ]
Form 66.7 % 66.7 % 66.7 % 66.7 % 66.7 %
Factor | *] ] ]
1 5 . 1 333% 333% 333% 333% 333%
(1.5:1) | .| ]
0.0 % 0.0 % 0.0 % 0.0 % 0.0% 0.0% 0.0%
o ] ]
WWR 25% WWR 50% WWR 75% WVIWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR‘ 75% ].‘% 3“‘/6 5% 10% no overhang 1m overhang
o1 I I
100.0 %)
N ] ]
80.0 %
Form | *] ] ]
60.0 % 60.0 % 60.0 % 60.0 %
N ] ]
FaCtor 40.0 % 40.0 %
- 24 1 1
(2'1) 200% 20.0% 200% 20.0% 20.0 %
N ] ]
0.0 % 0.0 % 00% 0.0% 0.0%
o ] ]
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no averhang 1m overhang
o I I
66.7 % 66.7 % 66.7 %
44 4 4

333%

.

nooverhang  lm overhang
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Table 3-B.4 (cont’d)

Form
Factor
(4:2)

60.0 %

20.0%

20.0%

WWR 25% WWR 50% WWR 75%

80.0 %

WWR 25% WWR 50% WWR 75%

0.0 %

20.0%

40.0% 40.0%

WWR 25% WWR 50% WWR 75%

WWR 25%

60.0 %

WWR 50% WWR 75%

60.0 %

3%

5%

10%

40.0 %

no averhang

60.0 %

1m overhang
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Table 3-B.5 Input variable histograms for Pareto Front 2 variable combination (UDI and PMV)

s [ f [ f [
87.5%
- | | | | |
61 J | J J
Form 51 ] | 625% | | | e25%
. 50.0 % 50.0 % 50.0 % 50.0 %
Factor . 37.5% 37.5% 375%
(14) 5 25.0 %
L]125% 125 %
0 0.0 % 0.0% 0.0%
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
71 [ 1 1 1 1
6 54.5 % 54.5 % 54.5 % 54.5 %
. 45.5% 45.5%
Form A 36.4% 36.4%
Factor 27.3%
34 J
. 18.2 %
(1:3) | =2 ]
14 J
ol 1 1 1
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
5 1 1 1 1 1
80.0 %
F 60.0 % 60.0 %
orm 3 | |
Factor 40.0% 40.0% 400% 40.0% 40.0 %40.0 %

(1:2) 200% 20.0% 20.0% 20.0%

0.0% 0.0 %

.

WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang

62.5 %

50.0 % 50.0 %

Form
Factor
(1:1.5)

375% 375% 375% 375% 375% 37.5% 375% 37.5%

250 %

0.0 %

[T [

WWR 25% WWR 50% WWR 75% VIWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% VIWR 25% WWR 50% WWR 75% 1% 3% 5%  10% no overhang 1m overhang
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Table 3-B.5 (cont’d)

Form
Factor
(1:2)

40.0 %

WWR 25%

£0.0 %

0.0 %

WWR 50% WWR 75%

60.0 %

40.0 %

0.0 %

WWR 25% WWR 50% WWR 75%

60.0 %

40.0 %

0.0 %

WWR 25% WWR 50% WWR 75%

20.0%

WWR 25%

60.0 %

20.0 %

WWR 50% WWR 75%

40.0 %40.0 %

0.0%

20.0%

1%

3%

5%

10%

60.0 %

no averhang

m

40.0 %

1m overhang

Form
Factor
(1.5:1)

37.5%

62.5 %

0.0%

37.5% 37.5%

50.0%

WWR 25% WWR 50% WWR 75%

37.5%

37.5%

50.0 %

62.5 %

3

37.5%

Factor
(3:1)

WWR 25%

286% 286%

WWR 50% WWR 75%

28.6 %

143 %

VIWR 25% WWR 50% WWR 75%

28.6 %

28.6 %

WWR 25% WWR 50% WWR 75%

VIWR 25%

28.6 %

0.0 %

WWR 50% WWR 75%

1%

3%

5%

10%

WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 3% 5% 10% no overhang 1m overhang
54 j ] j j
100.0 %
4 j ] j j
F 75.0 % 75.0 % 75.0 %
orm 3 1 | l |
Factor 50.0 % 50.0 % 50.0 %
24 i ] i
(2:1) 25.0% 25.0% 25.0% 25.0% 25.0 %
1 j ] j
0.0 % 0.0 % 0.0 % 0.0 % 0.0% 0.0%
0 . . E E . . . .
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no averhang 1m overhang
6 ] ] ]
71.4 % 714 %
5] j ] j
57.1% 57.1%
Form | ] ] ] ]
42.9% 429% 4239
3 j ] j

.

no averhang

1m overhang
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Table 3-B.5 (cont’d)

Form
Factor
(4:1)

WWR 25%

50.0 %

WWR 50% WWR 75%

33.3%

WIWR 25% WWR 50% WWR 75%

16.7 %

50.0 %

333%

50.0 %

16.7 %

WWR 25% WWR 50% WWR 75%

66.7 %

VIWR 25%

16.7 %

WWR 50% WWR 75%

16.7 %

0.0 %

1%

0.0 %

3%

5%

06.7 %

10%

66.7 %

no overhang

333%

1m overhang
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Table 3-B.6 Input variable histograms for Pareto Front 2 variable combination (View and PMV)

(1:2)

143 %

WWR 25%

o N oW

WAWR 50%

WWR 75%

=
=

143 %

WWR 25% WWR 50% WWR 75%

143 %

WWR 25%

WWR 50% WWR 75%

WIWR 25%

I 42.9 %

0.0 %

0.0 %

WWR 50% WWR 75%

1%

3%

5%

o I I I I
71.4 %
5 ] ] ] ]
571% 57.1% 571 % 57.1% 571 %
ol ] ] ] ] ]
Form 120%
Factor | ] ] ] 1 I
28.6 % 28.6%
(1:4) a ] ] ]
- 143 % 14.3 %14.3 %143 %
N ] ] ]
0.0% 0.0 %
o ] ] ]
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
1 I
6 66.7 % 66.7 %
5 55.6 % 55.6 % 55.6 %
Form A 44.4% 44.4% 44.4 %
Factor | ; 333% 33%
(13) 5 222% 222%
) 11.1%
N ]
0 0.0 % 00% 0.0%
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
1 I
85.7 %
6 ]
Form | s{ ]
F t 4 57.1 % 57.1 %
aC Or 429% 42.9% 429% 429 % 429% 429 %

0.0 %

10%

143 %

o

no averhang 1m overhang

Form
Factor
(1:1.5)

WWR 25%

60.0 %

WWR 50%

20.0 %

WWR 75%

60.0 %

20.0%

VIWR 25% WWR 50% WWR 75%

WWR 25%

40.0% 40.0%

WWR 50% WWR 75%

60.0 %

VIWR 25%

40.0 %

0.0 %

WWR 50% WWR 75%

0.0 %

1%

0.0 %

3%

5%

60.0 %

10%

60.0 %

40.0 %

=

nooverhang  lm overhang
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Table 3-B.6 (cont’d)

Form
Factor
(1:2)

34

2

62.5 %

125%

WWR 25% WWR 50% WWR 75%

125 %

WWR 25%

62.5%

WWR 50% WWR 75%

375%

375%

WWR 25% WWR 50% WWR 75%

75.0 %

25.0%

0.0 %

WWR 25% WWR 50% WWR 75%

1%

3%

5%

62.5 %

10%

50.0 %

50.0 %

nooverhang  1m overhang

Form
Factor
(1.5:1)

7

6

4

2

55.6 %

333 %

11.1%

WWR 25% WWR 50% WWR 75%

44.4 %

-

WWR 25%

44.4%

11.1

WWR 50% WWR 75%

44.4 %

WWR 25% WWR 50% WWR 75%

44.4 %

WWR 25% WWR 50% WWR 75%

11.1%

3%

66.7 %

5%

10%

=

66.7 %

333 %

neoverhang  lm overhang

Form
Factor

50.0 %

7 40.0 %

1 40.0%

40.0 %

90.0 %

>

80.0 %

0.0 %

WWR 25% WWR 50% WWR 75%

WWR 25%

WWR 50% WWR 75%

WWR 25% WWR 50% WWR 75%

WWR 25% WWR 50% WWR 75%

3%

5%

2:1 30.0% 30.0% 1 30.0 %
( . ) 1 20.0% 1 20.0 % 20.0%
] 0.0% 1o.0% 0.0%
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
5 I I
66.7%
4 4 J
Form 50.0% 50.0% 50.0 % 50.0 % 50.0%
3]
Factor 333% 333% 333% 333%
2]
@1 | ]

10%

nooverhang  1m overhang
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Table 3-B.6 (cont’d)

Form
Factor
(4:2)

333%

WWR 25%

0.0 %

WWR 50%

66.7 %

WWR 75%

66.7 %

16.7% 16.7 %

WWR 25% WWR 50% WWR 75%

83.3%

0.0 %

WWR 25% WWR 50% WWR 75%

66.7 %

0.0 %

0.0%

16.7 %

0.0 %

833 %

T
WWR 25% WWR 50% WWR 75%

T
1%

3%

T
5%

10%

66.7 %

no averhang

333 %

1m overhang
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APPENDIX 3-C: THREE VARIABLE PARETO RESULTS

Table 3-C.1 Input variable histograms for Pareto Front 3 variable combination (EUI, UDI, and View)

Form
Factor
(1:4)

124

104

23.8%

19.0 %

42.9 %

1333%

23.8 %

1333%

19.0 %

47.6 %

147.6 %

57.1 %

429 %

(1:2)

o N B~ o

235 %

3

235 %

29.4 %

] 235%

11.8%11.8%

WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no averhang 1m overhang
12 1 ] 1 1
66.7 % 66.7 %
107 1 1 60.0 % 1 1
Form ] ] ]
| 40.0 % | | |
Factor 333% 333%
26.7 % | | 26.7 % |
(_’]_3) 200% 20.0%
] 1 67% il
WWR 25% WWR 50% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
14 - 1 7 76.5 % il
124 1 1 1 1
104 1 1 1 1
52.9 %
Form al | 471 % i i 47.1% | 47.19
41.2% 412 %
Factor 35.3% 35.3% | 35.3% | |

=

WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no averhang 1m overhang
| | | 62.5 % | | 62.5 %
56.2 % 56.2 %
= ] 43.8% 1 43.8 % ] ]
orm | i 37.5% i | 375%
Factor 31.2% 312%
| 25.0% i 25.0 % |
(1 1 5) 18.8 %
-t | | 125% |
6.2% 6.2%
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
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Table 3-C.1 (cont’d)

Form
Factor
(1:2)

WWR 25%

47.4 %

WWR 50%

5.3 %

WWR 25%

26.3 %

WWR 50%

68.4 %

WWR 75%

L 1

=

36.8 % 36.8 %

26.3 %

WWR 25% WWR 50% WWR 75%

=

42.1 %
36.8 %

211%

WWR 25% WWR 50% WWR 75%

173.7%

5%

10%

52.6 %
47.4 % -

no averhang 1m overhang

Form
Factor
(1.5:1)

WWR 25%

WWR 50%

WWR 75%

WWR 25%

44.4%

WWR 50%

33.3 %

WWR 75%

I

]

44.4%

25.9 % 29.6%

WWR 25% WWR 50% WWR 75%

1

59.3 %

18.50 % 22.2 %

WWR 25% WWR 50% WWR 75%

10%

48.1 % 51.9 %

no overhang 1m overhang

Form
Factor
(2:2)

38.2 %

=

WWR 25%

23.5 %

WWR 50%

38.2 %

WWR 75%

1 204%

WWR 25%

29.4 %

WWR 50%

41.2 %

WWR 75%

w
o
o

41.2 % P

20.6 %

WWR 25% WWR 50% WWR 75%

44.1 %

26.5 %

WWR 25% WWR 50% WWR 75%

10%

67.6 %

-

no averhang 1m overhang

Form
Factor
(3:1)

36.4 %

WWR 25%

31.8 %

WWR 50%

31.8%

WWR 75%

1318%

WWR 25%

36.4 %

WWR 50%

31.8%

WWR 75%

1

54.5 %

36.4 %

9.1 %

WWR 25% WWR 50% WWR 75%

| 182%

54.5 %

WWR 25% WWR 50% WWR 75%

59.1 %

40.9 %

-

no averhang 1m overhang

163




Table 3-C.1 (cont’d)

Form
Factor
(4:1)

184

14 -

WWR 25% WWR 50% WWR 75%

333% 333% 333%

WWR 25% WWR 50% WWR 75%

29.6 %

18.5%

WWR 25% WWR 50% WWR 75%

51.9 %

18.5 %

WWR 25% WWR 50% WWR 75%

no overhang

48.1 %

1m overhang
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Table 3-C.2 Input variable histograms for Pareto Front 3 variable combination (EUI, UDI, and PMV)

] p 7 1 [ 61a%
1 1 47.1% i 45.7 %
Form 71 1 1 38.6%
Factor 25.7% 1271% 1
WWR 25% WWR 50% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 25% WWR 50% no averhang 1m overhang
50 l i 58.8 %
16 { 1 —

382 %

Form | .|
Factor 265 %
(1:3)

] 353% 353%
324 % 29.4 %

-

=] = @
:
I L L

WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 25% WWR 50% no averhang 1m overhang
20 - ] -
51.5%
16 1 45.5 % 1
42.4 %
Form oA
124 33.3% 1

Factor 273 % 273% 273 %
(12) 152 %

o ~ =)
I L ' L

WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 25% WWR 50%

no averhang 1m overhang

61.0 %
24+ 1 ] ]
51.2 %
201 1
415%

Form 16 1 36.6 %
Factor | ) 22% 23% |3279% 311%
(1:15) | ° | :

L
L

22.0 %

'

9.8 %

WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% no averhang 1m overhang
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Table 3-C.2 (cont’d)

76.2 % S
16 1 S 1 1
66.7 %
61.9 %
Form | 1 ] ]
42.9 %
Factor i 38.1 % 38.1% ] ] i 38.1 %
81333%
28.6 %
(11) 19.0 % 19.0 %
41 1 143% 14.3 % ] 143 %
9.5% 5
. 000 HB%
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no averhang 1m overhang
9
164 ] ] 166.7%
54.2 %
Form 124 45.8 % 45.8 % 1 45.8 % 1 . ] 45.8 %
7 %
1333% 333 % ] J i
FaCtor 8 29.2 % 292 % 29.2%
25.0 %
. 20.8 % 20.8 %
(1.5:1)
4 4 1 ] 12.5 %
4.2%
0
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no averhang 1m overhang
281 ] 1 1 65.0 %
24 4 4 1 157.5%
52.5 %
20 47.5 % 1 1 4
Form 425
161 1 37.5 % 1 1 N
Factor | 1242754 300% 1 27.5 9 [322% s00% 1 men
=R 25.0 % 20 25.0% 5550
(2 . 1) 81 1 i 2 20.0 %
ol | 1 1 12.5%14.6 9
0 T T x r : . ; : : : r : : . . r . r
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no overhang 1m overhang
28 J ] 157.1% 59.2 %
24 oy ] 51.0 % ] 49.0 % i
44.9 %
42.9 % 9
Form 201 307 % ] - ] 408 %
: 32.7 %
169 28.6 % ] ] 1
Factor 2655 26.5% 345
12 22.4% 1 2 q
(31) al 16.3 % | 1 16.3 %122%14,3%
4 J J i
0
WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% WWR 25% WWR 50% WWR 75% 1% 3% 5% 10% no averhang 1m overhang
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Table 3-C.2 (cont’d)

Form
Factor
(4:1)

361
32 4
28

1 350%

33.3%

31.7 %

WWR 25% WWR 50% WWR 75%

36.7 %
31.7 %

WWR 25% WWR 50% WWR 75%

30.0 %
25.0%

WWR 25% WWR 50% WWR 75%

25.0% 25.0%

WWR 25% WWR 50% WWR 75%

no overhang

58.3 %

1m overhang
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Table 3-C.3 Input variable histograms for Pareto Front 3 variable combination (EUI, View, and PMV)

Form
Factor
(1:4)

24 4

1270%

30.2 %

42.9 %

28.6 %

31.7%

39.7 %

| 254%

41.3 %

333 %

38.1%

22.2%

39.7 %

1571 %

175 %

11.1 %

143%

55.6 %

44.4 %

WWR 25%

WWR 50%

WWR 75%

WWR 25%

WWR 50%

WWR 75%

WWR 25%

WWR 50%

WWR 75%

WWR 25%

WWR 50%

WWR 75%

1%

3%

5%

10%

no overhang

1m overhang

Form
Factor
(1:3)

24

20 A

16

124

34.0 %

38.3%

27.7 %

34.0%

27.7%

383 %

277 %

40.4 %

319 %

19.1 %

29.8%

51.1 %

447 %

255 %

12.8 %
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Table 3-C.3 (cont’d)

Form
Factor
(1:2)
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Table 3-C.3 (cont’d)

Form
Factor
(4:1)
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Table 3-C.4 Input variable histograms for Pareto Front 3 variable combination (UDI, View, and PMV)
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Table 3-C.4 (cont’d)
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Table 3-C.4 (cont’d)
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APPENDIX 3-D: FOUR VARIABLE PARETO RESULTS

Table 3-D.1 Input variable histograms for Pareto Front 4 variable combination (EUI, UDI, View, and PMV)
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Table 3-D.1 (cont’d)
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Factor
(1:2)
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Table 3-D.1 (cont’d)
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CHAPTER 4 — GRID-SCALE AGGREGATION OF LIGHTING LOADS

Published in Energy and Buildings
Citation: Vanage, S., Cetin, K., McCalley, J., & Wang, Y. (2023). Grid-Scale Demand-side
Flexibility Services using Commercial Buildings Lighting Loads. Energy and Buildings, 113631.

ABSTRACT

Flexibility Services can be used to account for the high variability in electricity generation due to
increasing renewable energy sources such as wind and solar energy. As buildings become smarter
with the adoption of new technologies for sensing and control, more integration between buildings
and the electric grid is possible. Building loads such as air conditioning and lighting in commercial
buildings have the potential to provide these Flexibility Services. In commercial buildings, lighting
accounts for approximately 10-15% of the load at time. Past studies have shown that lighting can
be dimmed by 15-20% without causing visual discomfort to the occupants. Overall, this study aims
to estimate the instantaneous demand reduction that can be provided due to lighting loads using
prototypical building models aggregated across electric grid nodes in the Midcontinent
Independent System Operator (MISO) region in the United States. Findings suggest, in a future
case with 100% LED fixtures and 30% technology penetration for smart lighting controls, lighting
loads can provide around 250 to 475 MW (0.21 to 0.39 % of MISO’s peak load) of Flexibility
Services in the MISO region. The results can be used as inputs for grid levels models to predict
future generation, transmission, and distribution investments for future high renewable energy
scenarios.

4.1 INTRODUCTION

The electricity generation due to renewable resources such as wind and solar combined is projected
to represent 36% of the total energy generation in 2050 (EIA Energy Outlook 2022). These
renewable energy generation sources depend on wind speeds and available solar radiation, which

can be highly variable throughout the day. Furthermore, these generation sources do not match
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exactly with electricity demand in terms of when electricity is produced versus consumed. With
limited grid-level storage, electricity generation needs to be balanced with electricity demand in
real-time. This variability is usually addressed using various grid-based services known as
Flexibility Services (FS).

These Flexibility Services come in various forms. FS can be categorized based on how fast each
can be activated to overcome the loss in generation or spike in demand, the amount of demand that
can be provided by this service, and the duration for which they can remain active. FS categories
include (1) transient frequency response which has the ability to compensate for the changes in
under 0-20 seconds following loss of generation; (2) frequency regulation which can provide a
continuous steady-state frequency control in approximately 30 seconds (remain active for 15
mins); (3) contingency reserves that can compensate for the loss of generation under 10 minutes
(remain active for 30 mins); (4) load following or ramping reserves that can compensate for 30
min to 4 hour daily changes in net load; and (5) planning reserves, which are usually used to satisfy
the annual peak periods (Ma et al. 2013; Ryan et al. 2014).

Currently, these FS are dependent mostly on non-renewable sources (MISO 2020), such as natural
gas and oil. However, with reductions in non-renewable sources in the generation mix,
compounded with more FS requirements due to increases in variable generation such as solar and
wind, there is a need to provide FS using sources other than non-renewable generation sources.
Further, with more renewable energy generation sources, FS will not only be needed during peak
demand periods but also throughout the day. Furthermore, the transmission flow patterns
significantly change with distributed renewable energy as compared to current transmission

patterns dominated by non-renewable energy sources where the flow of electricity is from the
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power generation plant to the consumers, therefore possibly requiring more transmission
infrastructure in the future as the more distributed renewable energy is added to the gird.

Demand-side FS thus can help provide load flexibility and reduce capital investment for
transmission and distribution systems by modulating loads in existing buildings to match available
capacity. Various types of loads in commercial and residential buildings can potentially provide
these FS. These loads can be broadly classified into two categories, including activity-driven loads
(ADLs) and thermostatically controlled loads (TCLs) (Kunwar el al. 2021). ADLs are generally
loads from appliances that are largely influenced by occupant activities, such as clothes washers,
dryers, dishwashers, lighting, and electric vehicles. TCLs include electricity-consuming
appliances such as HVAC (Heating, Ventilation and Air Conditioning) systems and water heaters,
which are largely controlled by a thermostat. These different types of loads have different response
times, total capacity reduction potential, time-of-day availabilities, and technology penetration

levels. Thus, there is a need to study these loads separately.

Part 1: Model Individual building Part 2: Willingness to participate
= = | loads a Survey
a: * Develop load profiles for baseline — = 3,500 houses surveyed
el e operation — = A/Ccycling; Smart thermostats;
Ll - - * Develop load profile for DR programs X Automated price response
] ] ] *+  Compute demand saved (duration * Develop business models & model
and amount) policy changes required to grow DR

4 J

ah ._’ Part 3: GTD (generation-transmission-distribution) expansion planning
-l 1 * Develop reduced model for eastern interconnection
v\
mn

f Develop a tool for assessing DR, FS & transmission investments (CEP- PS)

Figure 4-1 Overall Framework for Assessing Grid Level Impacts of Building Participation as
Flexibility Services

The focus of the overall project was divided into three (3) main parts, as shown in Figure 4-1. A

three-part framework is proposed to assess grid-level impacts of current and future potential loads,
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individually and together, serving as FS. The projects were focused on residential and commercial
sectors. The loads likely to represent a significant opportunity for load control but are not currently
significantly utilized were chosen. In Part 1, building-scale to grid-scale models of individual loads
were developed, focusing first on assessing the upper bound of the deployment opportunity of each
load by time of day, day of week, and season. In Part 2, we assess the willingness of the potential
building customers to participate in FS as a function of load type, time of participation, and whether
the necessary technology is currently deployed. Parts 1 and 2 are then combined to determine the
percentage of the available loads that customers will allow to be modulated. These are aggregated
at the grid bus level as input into Part 3, GTD (generation-transmission-distribution) expansion
planning software. This software co-optimizes generation, transmission, and distribution
investments and operations. As discussed, the project is focused on the MISO region of the U.S.
electric grid. This study, however, primarily focuses on Part 1 of the overall study, which is to
estimate the flexibility provided by dimming lights to reduce lighting loads in commercial
buildings at individual and grid levels.

The Illuminating Engineering Society (IES) recommends standard work plane lighting levels for
various building and space types (IES Lighting Handbook 2011). However, several studies suggest
that it is acceptable to reduce the lighting levels by a certain amount from the initial lighting level
without occupants detecting it, also described as “detectable level”, or without it causing any
significant visual discomfort, called an “acceptable level”. Most studies have evaluated these
levels by reducing lighting levels gradually, and participants are asked to complete a survey to
determine “detectable” and “acceptable” levels. For instance, Tenner et al. (1997) suggests that a
reduction of 13% from an initial base illuminance value of 830 lux is acceptable. Similarly, two

other studies (Kryszczuk and Boyce 2002; Akashi and Neches 2004) suggest that a reduction of
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17% and 15-25%, respectively, from the initial base illuminance value of 1095 lux and 500 lux, is
barely detectable. Further, Hu and Davis (2016) suggest reductions around 17.8 to 19.1% from the
baseline values are acceptable for base illuminance levels lower than 500 lux. Various studies have
highlighted the rate of dimming used for their studies, however as per Kryszczuk and Boyce (2002)
who analyzed various rates of dimming between 10 lux/sec to 340 lux/sec concluded that rate of
dimming does not influence the “acceptable” and “detectable” levels. The “detectable” and
“acceptable” levels for various studies are summarized in Figure 4-2. The x-axis denotes the initial
illuminance level used in the study and the y-axis denotes the percent reduction from the initial

illuminance level that is “detectable” or “acceptable” by the participants.
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Figure 4-2 “Detectable” and “Acceptable” levels for lighting dimming based on prior literature

The divergence in the acceptable and detectable levels, as seen in Figure 4-2, across different
studies, can be attributed to the differences in the experimental setup and the assumption on how
their values were deduced. Across these studies, there are various initial illuminance values from

which the lights are dimmed (shown as x-axis in Figure 4-2). With the experimental setup, for
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instance, (Kryszczuk and Boyce 2002) asked participants to observe a black-painted target object
as the illuminance levels were decreased, during which each trial subject (involved 16 participants)
was asked to press a button when they detected a change. The experiment was conducted in two
cases, one with distraction (of a mental task) and the other without any distraction. Hu and Davis
(2016) experiment used a two-box setup, where for one box (also called the reference box) the
illuminance value is one of the 5 baseline illuminance values (100, 200, 300, 400, and 500 lux)
while the illuminance in the other box is a percentage increase or reduction from the baseline
illuminance. The illuminance in both the boxes is randomized, and the participants are asked to
select the brighter box to deduce the detectable level. For the acceptable level, the same setup is
used but now the participants are given the controls to match the illuminance in box two with the
reference illuminance for all 5 cases. Further, the results across the studies might differ as the
experiment is subjective based on the participant's feedback using a limited number of participants.
However, one similarity between all experiments in Figure 4-2 is that they were conducted in a

windowless room to avoid the influence of natural daylight.

Lighting loads in commercial buildings are generally dependent on multiple factors such as space
type (e.g., open office, library, surgery rooms), the operating schedule of the building, and the age
of the building or the lighting efficiency. Therefore, lighting loads generally have consistent use
patterns, with the stronger predictors being the day of the week (weekdays/weekends) and time of
day, with some minor seasonal variations due to changes in sunrise and sunset times. Thus,
lighting-based dimming as FS can be used consistently in all climate regions. Based on CBECS
(2018), the total commercial building energy consumption was around 1.12 trillion kwh. Of the
total electricity used by commercial buildings, lighting loads account for approximately 17 %

(0.201 trillion kWh) of electricity consumption (CBECS 2018). Further, to facilitate these lighting
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loads for FS, the building needs to be equipped with technologies that allow the detection of
available daylight and fixtures that dim the lights based on signals from the grid. Currently, only
7-8 % of commercial buildings are equipped with technology that is likely to support demand-side
FS (CBECS 2018). However, the Department of Energy’s (DOE) report for the forecast of lighting
technologies suggests that the connected LED lighting market will grow to include 31% of
commercial buildings by 2035 (US DOE 2019). Thus, as lighting technologies are more available,
lighting-based dimming in commercial buildings can contribute towards FS.

Unlike residential buildings, where significant, high-frequency sub-metered energy consumption
datasets are available from various disparate sources, for commercial buildings, such extensive
datasets that account for various commercial building types, ages, and climate zones, and provide
end-use sub-metered data, are not available in the United States. Due to the lack of extensive and
granular measured data, this study uses the DOE Commercial Reference and Prototype building
models as the basis for modeling lighting-based FS in commercial buildings (U.S. DOE 2022a,
U.S. DOE 2022b). The assumption for these models can be found here. (Deru et al. 2011).

To scale the individual Reference and Prototype building models and their corresponding loads to
the grid level, this study used various datasets, including EIA Form 861 (U.S. EIA 2021), and
building stock inventories, including the Commercial Building Energy Consumption Survey
(CBECS 2012), and Commercial Building Inventories (Ma et al. 2019; Day 2020) that provide
information about the number and type of buildings, age, and their areas, for specific locations of
study. Each state's energy code adoption year was also used to assign the building stock to a
Reference, or a Prototype building model based on a building’s age. Further, the existing buildings
that were built before the first energy code was adopted were matched to an appropriate Prototype

building model using the age of construction and an estimate of energy use intensity (EUI) taken
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from the Building Performance Database (BPD) (LBNL BPD 2019). This is done to account for
energy retrofits in the older building stock that have higher EUI values. Further details on these
summarized methods are provided in the methodology section.

Various research studies have estimated the demand flexibility potential for residential loads such
as clothes washers, clothes dryers, and dishwashers (also known as Activity Driven Loads) (Berg,
Brady et al. 2022, Kawka Emily 2022, Kunwar, et. al. 2021), and for commercial buildings, most
of the studies have focused on HVAC loads for demand flexibility (Tina et. al. 2022, Cetin et. al.
2019, Tran-Quoc et. al. 2009). This study (Langevin et al. 2021) provides grid-level estimates for
various grid regions throughout the USA for the residential and commercial sectors for both
demand flexibility and energy efficiency. The demand flexibility estimates include precooling and
appliance scheduling for residential buildings and strategies like precooling, thermostat
temperature adjustment, and ice thermal storage for commercial buildings. However, very few
comprehensive studies exist that provide grid-level aggregation estimates for different types of
commercial buildings for lighting loads. This study also summarizes the existing research on
detectable and acceptable levels of lighting dimming for DR-based events for lighting loads. This
is the gap this study is focused on addressing.

Thus, this study focused on estimating the demand side FS potential of lighting loads for
commercial buildings aggregated to the MISO region, which generally encompasses the Midwest
region of the U.S. The scaling of such FS provided by lighting loads to the grid level can be used
to predict the upper bound of load reduction by the time of day and day of the week. It can also be
used as an input into grid models focused on predicting future GTD (generation-transmission-
distribution) investments (Li and McCalley 2017; Zhou, Wang, and McCalley 2011). In addition,

the framework used herein to assess individual loads can be used to evaluate the potential for FS

184



support for other types of building loads at the building- and grid scale. This paper is organized as
follows: Section 4.2 discusses the methodology for modeling building-level loads; Section 4.3
focuses on aggregating building-level loads to grid level; Section 4.4 and Section 4.5 discuss the
building-level and aggregated grid node level results for the MISO region. Section 4.6 discusses
the conclusions and limitations of the study.

4.2 BUILDING LEVEL MODELING

Lighting-based FS was modeled using both the DOE Reference and Prototype building models
(U.S. DOE 2022a, U.S. DOE 2022b) to capture the variations in building types across the entire
commercial building stock. The US DOE Reference and Prototype building models are sub-
categorized into two types of residential apartments and 14 commercial building types, such as
office buildings, primary and secondary schools, retail buildings, hospitals and others as shown in
Figure 4-3. These buildings are shown in Table 4-3 with their Lighting Power Densities (LPD).
These models have different assumptions for space utilization, occupancy, equipment and lighting
loads, and HVAC system types used for heating and cooling (Deru et al. 2011). Hospital and
outpatient buildings are excluded from this study with the assumption that these buildings are
considered critical, and any lighting reduction under IES guidelines might need detailed evaluation

of these building types.
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Figure 4-3 DOE Reference building models

The Prototype building models were used for all buildings built after the adoption of the ASHRAE
90.1-2004 and the Reference building models were used for buildings built before this time. The
year for ASHRAE 90.1 code adoption for various versions for different states is summarized by
Livingston et al. (2014). For buildings that were constructed between 1980 and the first code
adoption year of that particular state, the post-1980 Reference building models were used. For
buildings constructed before 1980, the pre-1980 Reference building models were used. Table 4-1
outlines each of the building energy models used and some of their characteristics. Figure 4-4
compares the EUI for Prototype building models with the EUI data available for office buildings
in Building Performance Database (BPD).

Table 4-1 Building models used and description

o US DOE Is BPDIAl used to
U.S. DOE Bundln_g Energy Model Daylighting Control in Energy Model building energy | redistribute the
Version
model type areas?

Pre — 1980 No daylighting controls for any zones Reference Yes
Post - 1980 No daylighting controls for any zones Reference Yes
ASHRAE 90.1-2004 No daylighting controls for any zones Prototype No
ASHRAE 90.1-2007 No daylighting controls for any zones Prototype No
ASHRAE 90.1-2010 Daylighting controls in some zones Prototype No
ASHRAE 90.1-2013 Daylighting controls in some zones Prototype No
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Figure 4-4 EUI for Prototype building models compared with EUI data from BPD for office
buildings

Zones in all commercial buildings can be categorized based on whether daylighting controls are
present (lighting loads are reduced using daylighting controls when sufficient daylight is available)
and if lighting loads for a particular zone will be available for use in FS. As specified in Table 4-
1, the post-1980 and pre-1980 Reference building models do not have daylighting controls for any
zones. Similarly, the ASHRAE 90.1-2004 and 90.1-2007 Prototype building models do not have
daylight controls, while the ASHRAE 90.1-2010 and 90.1-2013 Prototype building models have
daylight controls for some perimeter zones. The amount of lighting load reduced for daylighting
control in Prototype models (ASHRAE 90.1-2010 and 90.1-2013) is determined using daylight
reference points (points where horizontal illuminance values are calculated), daylight illuminance
setpoint values at reference points (lighting level at the reference point when the electric lighting
is operating at full input power), fraction of lighting controlled by the reference point, and the

control type (stepped, continuous).
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There are also some zones for which lighting-based FS is not considered, such as classrooms in
primary and secondary school education buildings as these zones are assumed to be critical. The
hospital building and outpatient care buildings are not considered for FS and are also not

considered in this study. Thus, all the zones can be divided into 4 types as shown in Figure 4-5.

NO DAYLIGHT CONTROLS

DAYLIGHT CONTROLS PRESENT

ZONETYPE #1
Core zones in all building
types, perimeter zones for
pre/post-1980 reference
models, ASHRAE 2004
/2007

ZONE TYPE # 2
Perimeter zones in office
buildings with daylighting

controls (ASHRAE 2010/
2013 models)

ZONETYPE # 3
Critical zones that do NOT
have daylight controls
{pre/post 1980 and
ASHRAE 2004/2007

ZONETYPE# 4
Critical perimeter zones
with daylight controls

(ASHRAE 2004/2007
models)

models)

NO FS-BASED DIMMING| FS-BASED DIMMING

Figure 4-5 Categorization of zones based on if the zones have daylighting controls and if FS
based lighting dimming is considered (Note: Green zones provide FS based savings; Red zones
do NOT provide FS based dimming)

Zone Type #1 (such as all zones in pre-1980, post-1980, ASHRAE 90.1-2004, and 2007, core zone
in ASHRAE 90.1-2010 and 2013 for all building types) do not have any daylighting controls, but
lighting-based FS is considered in these zones. Thus, for Zone Type #1, the only reduction in
lighting load is for FS services. Based on a literature review of “detectable” and “acceptable”
lighting levels, dimming of 20% from the base illumination level is assumed as an acceptable level
for this study (Figure 4-2). For Zone Type #1, if lighting levels are 500 lux under normal operating
conditions, the acceptable level for FS-based dimming would be 400 lux (i.e., 20% reduction). In
all cases, the lighting power was assumed to be linearly proportional to the light produced (lux) by

the lighting fixture (Raziei and Mohscnian-Had 2013; Karpilow, Henze, and Beamer 2020). For
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example, Figure 4-6 (a) shows the difference between the lighting power for a baseline case
without FS-based dimming and with FS-based dimming for an ASHRAE 90.1-2004 small office
building. The demand saved for FS is the difference between the baseline model without dimming

controls and the baseline model with 20% DR-based dimming.

= baseline without daylight controls baseline without daylight controls
=== baseline with FS based dimming —— baseline with daylight controls
-=- baseline without daylight controls

Figure 4-6 FS-based dimming for an (a) ASHRAE 90.1-2004 small office building with Zone
Type #1 core and perimeter zones and (b) ASHRAE 90.1-2010 small office building for Zone
Type #1 core zone and Zone Type #2 perimeter zones) (Note: For the core zones of both
ASHRAE 90.1-2004 and ASHRAE 90.1-2010 model 20% dimming is assumed)

For Zone Type #2 (perimeter zones in ASHRAE 90.1-2010 and 2013 for DOE buildings that have
daylighting controls) which use daylighting controls and are considered for FS-based dimming, it
is important to distinguish between the dimming due to the already existing daylight controls, for
which the reduction in lighting power is already utilized as an energy-saving measure, and lighting
power reduction for FS based lighting dimming which is due to the reduction in the acceptable
level by 20 %. This can be seen as three different cases. (i) If the daylight illuminance setpoint
value at the reference point (which controls the entire zone) is 500 lux and the available daylight
at that timestep is 700 lux, the lighting power is reduced to zero using daylight controls and there
is no opportunity for FS-based dimming as the lighting is already off due to daylighting controls.
(i) For cases where the available daylight is less than 500 lux but more than 400 lux (which is 20

% lower than 500 lux). As the available daylight is still higher than 400 lux, which is the acceptable
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lighting level during the FS event is acceptable, the artificial lighting is fully switched off. This
provides FS based savings somewhere between lux and 100 lux. (iii) For cases when the available
daylight is less than 400 lux, e.g., 150 lux, the daylighting control would reduce the power
consumption such that the remaining needed lighting (i.e., 250 lux in this example) is provided by
the artificial electric lighting, which provides the maximum allowable FS based lighting savings
of 100 lux (which is 20% of 500 lux). These cases for Zone Type #2 are highlighted in Figure 4-

7.

ZONE TYPE # 2

| '

CASE 1 CASE 2 CASE 3

1 1 l

400 lux < Daylight ‘

‘ Daylight == 500 lux ‘ ‘ 400 lux <= Daylight < 500 lux ‘ ‘

‘ Lights are always OFF ‘ ‘ Lights are always OFF ‘ ‘ Lights are always ON ‘

‘ FS based savings = ZERO ‘ ‘ FS based savings = (0-100 lux) ‘ ‘ FS based savings = 100 lux ‘

! ! !

Example Example Example

Daylighting setpoint = 500 lux
Daylighting setpoint with (F5) = 400 lux

1) Available daylight = 700 lux
2) Artificial lighting = 0 lux
3) FS Based savings = 0 lux

1) Available daylight = 450 lux
2) Artificial lighting = 0 lux
3) FS Based savings = 50 lux

1) Available daylight = 150 lux
2) Artificial lighting = 250 lux
3) FS Based savings = 100 lux

‘ Sum of (1 + 2 + 3) is always greater than == 500 lux ‘

Figure 4-7 Cases for FS savings for Zone Type #2 (perimeter zones in office buildings with
daylight controls) based on available daylight

The figure 4-8 below shows a plot of how the annual values are converted to a 24-hour boxplot.
Figures 4-12a and 4-12b thus only show the maximum and minimum (yellow and blue line
respectively). As the pre-1980/post-1980, ASHRAE 90.1-2004, and ASHRAE 90.1-2007 building

energy models do not have any perimeter zones with daylighting controls, thus the minimum and
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maximum demand reduction are the same. However, building energy models following ASHRAE
90.1-2010 and ASHRAE 90.1-2013 have daylighting controls for some of their perimeter zones
and thus have a different minimum and maximum value. The minimum values for demand saved
for lighting-based FS thus represent a case where daylighting controls dimmed most of the lights
and lighting therefore was either not available for FS, or it represented a smaller portion of lighting.
For the maximum demand saved case, lighting was more available for FS-based dimming as they

were not switched off due to less available daylight during this period.
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o 25 50 s 100 125 150 175 —— med
™ o180 .
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e
———1

Boxplot for yearly results Minimum, maximum and

grouped by hour and median values from the box plot
weekday and weekend

(zone type #2)

Figure 4-8 Conversion of annual lighting results to an hourly profile for Zone Type #2

This logic was applied to the models in EnergyPlus using the EMS (Energy Management System)
program for all Zone Type #2. Figure 4-6 (b) shows the demand saving due to FS for an ASHRAE
90.1-2010 Prototype building. The difference between the zone lighting power after daylighting
(in blue solid line) and the lighting power after dimming (dashed black line) is the lighting load
saved for FS. Figure 4-6 (b) also shows the baseline lighting power without daylighting controls

(solid line in gray) to highlight the dimming associated with daylighting controls.
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Zone Type #3 (all critical core zones such as classrooms in pre-1980, post-1980, ASHRAE 90.1-
2004, and 2007 for all building secondary and primary buildings) does not have any daylighting
controls to adjust lighting levels and they are not considered for dimming as FS due to being
important. Similarly, Zone Type #4 (all critical core zones such as classrooms in ASHRAE 90.1-
2010 and 2013 for all building secondary and primary buildings) uses daylighting control but are
not considered for dimming as FS due to being important. Therefore, all zones that fall under Zone
Type #3 and #4 do not contribute to any lighting load savings for FS. The lighting load reduced
for FS for all Zone Types are combined at an hourly level over a period of one year for each
building type. The lighting load reduction is then aggregated by hour for weekdays and weekends.
4.3 GRID LEVEL MODELING

4.3.1 Datasets for grid-level modeling

Commercial Building Inventories

The Commercial Building Inventories (Day 2020) dataset provides modeled data for commercial
buildings by building type, age, and building area for all the cities and counties in the United States.
The dataset is modeled using CoStar Realty Information data and FEMA Hazus building stock
data (FEMA Hazus) through a process described in (Ma et al. 2019). The study suggests an
overlap between the CoStar and the FEMA Hazus dataset, and some buildings may be represented
twice. Thus, only CoStar data was used for this study as it is more detailed than the FEMA Hazus
dataset.

City and County Energy Profiles

The City and County Energy Profiles data provides modeled electricity and natural gas
consumption and expenditures, and associated emissions for all the cities in the United States (Day
2020). This dataset was used to compare the total energy consumption for commercial buildings

from this dataset to the energy consumption of the county aggregated model of DOE Reference

192



and Prototype building models developed in this work. As the CoStar dataset, which is used to
represent the building stock, is a subset of the entire building stock dataset, the City and County
Energy Profiles energy consumption data was used to magnify the existing data and ultimately
account for all the buildings in each county.

Building Performance Database

The Building Performance Database (BPD) contains information related to building characteristics
such as age, building type, climate zone, heating and cooling characteristics, and energy-related
characteristics such as the source and site Energy Use Intensity (EUI) for a large number of
residential and commercial buildings in the U.S (LBNL BPD 2019). For this study, the
BPD Application Programming Interface (API) is used to obtain summary statistics of EUIs of
U.S. commercial buildings filtered by age, building type, and climate zone. The intended purpose
of these summary statistics is to compare the EUIs of the DOE Reference and Prototype building
models with buildings built before energy code adoption in order to estimate the older buildings
in the database that have lower EUIs due to energy-related retrofits.

4.3.2 Scaling individual model to the MISO region

The Commercial Building Inventory data was split into five regions namely West, Midwest,
Northwest, South Central, and South Atlantic. EIA Form-861 (US EIA 2021) contains information
on which counties are in the MISO region. Both the Commercial Building Inventory data and the
EIA Form-861 are used to filter building stock data associated with counties in the MISO regions.
The energy code adoption year for each state (Livingston et al. 2014) and the year built for the
building stock were used to aggregate the building areas into six groups based on the ASHRAE
energy code version as per Table 1 for 12 building types (hospital and outpatient buildings are

excluded) and for each county in the MISO region. Initially, the area was aggregated only based
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on the year of construction and did not account for any energy retrofits in the older buildings built

before the code adoption.

|
] 1
List of Counties in | Redistribute area for
—-| County Data West } MISO region existing buildings
.| County Data Midwest }\
O\ County data for ,| Magnification factor | |
| County Data Northwest }—i\, R per County
| /,/ MISO region
-| County Data South Central f/ J,
-| County Data South Atlantic i Updated Area per
(County, DOE type,
code adoption age
bins)

Calculate Area per
» (County, DOE type, code —
adoption age bins)

Hourly demand saved .
at MISO region

Figure 4-9 Steps to scale individual Reference and Prototype building energy models to the
MISO region (Note: CoStar- Commercial real estate building dataset, HAZUS - Building
hazards database, BPD - Building Performance Database)

To account for energy retrofits in building groups built before code adoption (e.g., pre-1980, post-
1980), BPD summary statistic data was used. The BPD summary statistic data includes the site
EUI values for the Oth, 25th, 50th, 75th, and 100th percentile for the data filtered based on age,
climate zone, and building type. Various studies have used a Weibull distribution function to
determine a corresponding EUI for these percentile values (e.g., Geraldi and Ghisi 2020). Thus,
the EUI distribution function and the EUIs calculated for the Reference and Prototype building
models were used to redistribute the older buildings into groups that better match their EUIs to
account for retrofits that may have occurred. For example, to redistribute the area for an office
building built before 1980 in ASHRAE Climate Zone 5A, BDP data was used to estimate the
distribution function of the EUI of all available office buildings in the BDP database filtered by

age group, climate zone, and building type.
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As the CoStar dataset is a subset of the building stock in the City and County Energy Profiles data,
energy consumption data by county was used to magnify and ultimately account for all the
buildings in each county. Further, the redistributed building areas for all Reference and Prototype
building models for all code versions for each county were combined to calculate the demand
savings for each hour across a year-long period for each county. The complete steps to aggregate
building-level loads to the MISO level are shown in Figure 4-9.

Each county was then assigned to a grid node. The reduced model for the MISO region was
developed following Newlun et al. (2021). The reduced MISO node model consists of 158 nodes,
as shown in Figure 4-10. For the assignment of a county or a group of counties to a node, the peak
load at each bus is calculated using the peak load for MISO (121 GW, which was the peak load
for the high-temperature summer of 2019) multiplied by the load distribution factors (LDFs) at
each node. The LDFs at each node are obtained from a 2024 Heavy Summer MTEP power flow
case. The MISO peak load in 2019 was used instead of a recent year to choose a pre-pandemic

year.
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Figure 4-10 MISO grid reduced node model developed by Newlun et al. (2021) (Note: each of
the counties in the MISO region are shown in blue; each of the grid nodes is labeled numerically
and represented using a black dot in the figure)

The average load for each county is calculated using total annual energy consumption for each
county taken from (Day 2020) across 8760 hours. Initially, load from each county was assigned
randomly to one of the five closest nodes based on distance. The distance between each county
and bus combination was calculated using the latitude and longitude of the centroid of the county
and the bus. For each node, a group of counties is assigned, and the sum of the load for all the
counties in the group is compared to the load at the node. As several combinations for assignments
is possible with more than 850 counties and 158 busses, the assignment was optimized using a
genetic algorithm-based optimization (PyPl Geneticalgorithm) such that the difference between

the load at each node and the sum of loads for the randomly assigned counties to that node is

minimized, as shown in Figure 4-11.
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Figure 4-11 County to node assignment for 158 nodes in the MISO region using Genetic
Algorithm

To account for the amount of demand flexibility that can be provided at present and in the future
depends on various factors such as the (a) LPD of the lighting systems (whether the fixtures are
LED, or a combination of various technologies), (b) percent of buildings that have daylighting
controls, (c) technology penetration for lighting fixtures that provides the lighting fixture the
ability provide a dimming response based on a signal and (d) customer willingness to participate
in the FS programs now and in the future. Three cases are thus developed, as outlined in Table 4-
2. Case 1 is used to show lighting demand saving associated with FS for the building stock that
was developed based on Figure 4-9, which includes buildings assigned to a Reference or Prototype
building model based on age and energy code adoption. Case 2 is where all the lighting in all
buildings is considered to be LEDs and Case 3 is where all buildings have 100 % percent LEDs,
and 100 % daylighting controls for all the zones that have daylighting in ASHRAE 90.1-2013

model.
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Table 4-2 Nomenclature for various test cases for aggregation

Technology penetration
Case Description
10% (current) 30% (2035) 100% (ideal)
Case 1 Building stock developed in Figure 4-9 Case_1 TP_10% Case_1 _TP_30% Case_1 TP_100%
Case 2 Case 1 with (100 % LED retrofit) Case_2_TP_10% Case_2_TP_30% Case_2_TP_100%
. 0 ) 0 A
Case 3 Case 1 with (100 % L'Ec'gn';fgl‘g” +100 % daylighting | 500 3 TP _10% Case_3_TP_30% Case_3_TP_100%

For all cases, three technology penetration scenarios are shown in Table 4-2, including, (1) the
current (present-day) case with 10% technology penetration, (2) the future case in 2035 with 30%
technology penetration, and (3) the ideal case in the future with 100% technology penetration. The
customer’s willingness to participate is assumed to be 100 % in this study as such data for
commercial buildings does not exist currently.

Table 4-3 shows the LPD of all the Reference and Prototype buildings by ASHRAE energy code
versions. The LPD for ASHARE 90.1 -2019 is assumed to have all LED fixtures and is used as a
reference to convert the LPD for other energy code versions to 100% LED for Cases 2 and 3. For
instance, the LPD for a small office building for Pre-1980 and Post—1980 models is 19.48 W/m2.
To account for 100% LED in Case 2 the lighting demand savings for the small office buildings,
The LPD Pre-1980 and Post-1980 small office building is multiplied by a factor of 0.353 (i.e.
6.89/19.48 is taken from Table 3). Similarly, factors are used to convert all building type and
energy code version models to 100 % LED for Case 2 and Case 3. The values in Table 3 are the

average LPDs by zone area for each building type and building energy code versions.
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Table 4-3 Average Lighting Power Densities (LPDs) in (W/m?) for Reference and Prototype
building models by energy code version

. Pre/post - 90.1- 90.1-2019 (reference to
Building Type 1980 2004/2007 90.1-2010 | 90.1-2013 convert other code

versions to 100% LED)
Small Office 19.48 10.76 9.68 8.83 6.89
Medium Office 16.89 10.76 9.68 8.83 6.89
Large Office 16.14 10.76 9.68 8.83 6.89
Stand-alone Retail 32.32 16.74 16.30 14.16 10.19
Strip Mall 38.47 19.58 19.08 17.18 12.99
Primary School 19.55 12.78 11.27 11.33 7.37
Secondary School 15.17 12.20 10.26 10.20 7.35
Small Hotel 16.23 10.42 8.31 9.40 4.92
Large Hotel 16.70 10.76 10.40 9.36 5.34
Warehouse 6.63 8.72 7.56 7.52 4.83
Quick Service Restaurant 31.95 17.76 10.12 10.01 8.02
Full-Service Restaurant 24.38 19.96 9.87 10.52 7.90

In the following sections, the aggregated results are shown both at the node level as well as for the
entire MISO region for all three cases and all building technology penetration scenarios. The node-
level results are shown using a bubble plot over the MISO region while the node-level results
represent the maximum demand that can be saved on weekdays at 2 pm. The MISO level results
are calculated by adding the demand savings values at all the nodes for weekdays and weekends
separately. Thus, the results show that the minimum and maximum lighting-based demand can be

saved throughout the MISO region on weekdays and weekends.
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4.4 RESULTS FOR BUILDING LEVEL LOADS
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Figure 4-12a Median lighting demand saved due to FS (in kW) by building type and building
code version for weekdays and weekends for DOE Prototype and Reference building models for
the entire year (Note: the shaded parts for ASHRAE 90.1-2010 and ASHRAE 90.1-2013 models

represent the range between maximum and minimum lighting demand savings)
Figures 4-12a and 4-12b show the hourly lighting demand that can be reduced due to lighting-
based dimming (lighting load reduced from daylighting controls not included) at the building level

by hour over a period of one year. The same procedure is repeated for all Reference and Prototype
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building models and all code versions, to determine the maximum and minimum lighting load that
can be used as FS by hour for weekdays and weekends.

The pre-1980/post-1980, ASHRAE 90.1-2004, and ASHRAE 90.1-2007 building energy models
do not have any perimeter zones with daylighting controls, thus the minimum and maximum
demand reduction are the same. However, building energy models following ASHRAE 90.1-2010
and ASHRAE 90.1-2013 have daylighting controls for some of their perimeter zones. The
minimum values for demand saved for lighting-based FS thus represent a case where daylighting
controls dimmed most of the lights and lighting therefore was either not available for FS, or it
represented a smaller portion of lighting. For the maximum demand saved case, lighting was more
available for FS-based dimming as they were not switched off due to less available daylight during

this period.

201



Small hotel Small hotel Small hotel Small hotel

pre_1980/post_1980 ASHRAE 2004/2007 ASHRAE 2010 ASHRAE 2013
g3 3 3 — weekday 3 — weekday
£ weekend weekend
52 - 2 2 2
g - PP N TN
g1 — weekday 1 — weekday 1| — — 1 — —
0 weekend weekend
o ] o ]
] 5 10 15 20 0 5 10 15 20 ] 5 10 15 20 0 5 10 15 20
Hour Hour Hour Hour
Large hotel Large hotel Large hotel Large hotel
pre_1980/post_1980 ASHRAE 2004/2007 ASHRAE 2010 ASHRAE 2013
2 BI_— weekday /\ 5 —— weekday 5 —— weekday 5 —— weekday
£ weekend weekend weekend weekend
10 / \ 0 10 0
g / \ N 2N AN
g5 N f \ 5 5 / \ 5 /
8 N - /\ ~ - f; j ~ ¥, \
o o o
] 5 10 15 20 0 5 10 15 20 ] 5 10 15 20 0 5 10 15 20
Hour Hour Hour Hour
Warehouse Warehouse Warehouse Warehouse
pre_1980/post_1980 ASHRAE 2004/2007 ASHRAE 2010 ASHRAE 2013
2 B — weekday B — weekday B — weekday B — weekday
S weekend 10 weekend 10 weekend 10 weekend
&
< - —
i s VAN : ‘ : N : £\
0 I \ / \
0 0 0 — — 0 — —
] 5 0 15 20 0 5 10 15 0 ] 5 0 15 20 0 5 10 15 0
Hour Hour Hour Hour
Quick service restaurant Quick service restaurant Quick service restaurant Quick service restaurant
pre_1980/post_1980 ASHRAE 2004/2007 ASHRAE 2010 ASHRAE 2013
100 = = 100 100 100
E —— weekday —— weekday —— weekday
075 075 weekenu_/— \ 075 weekend 075 weekend
% 050 \ 050 \ 0.50 050
2 — weekday /—/ /—1/7' /—4/7-
Q 025 veckend 025 \ 025 L \ N 025 e, \ g
0.00 0.00 0.00 0.00
o 5 pul 15 20 0 5 0 15 ] o 5 0 15 0 0 5 pul 15 ]
Hour Hour Hour Hour
Full service restaurant Full service restaurant Full service restaurant Full service restaurant
pre_1980/post_1980 ASHRAE 2004/2007 ASHRAE 2010 ASHRAE 2013
z3 3 — weekday 3 — weekday 3 — weekday
=1 weekend wieekend weekend
a2 2 2 2
g S
@1 — weekday 1 1 , 1
E veskend ‘/_/ ™~ e D\ M_
o ] o = ] —
o 5 pul 15 20 0 5 0 15 0 o 5 0 15 20 0 5 pul 15 0
Hour Hour Hour Hour

Figure 4-12b Median lighting demand saved due to FS (in kW) by building type and building
code version for weekdays and weekends for DOE Prototype and Reference building models for
the entire year (Note: the shaded parts for ASHRAE 90.1-2010 and ASHRAE 90.1-2013 models

represent the range between maximum and minimum lighting demand savings)

4.5 AGGREGATED GRID-LEVEL RESULTS

Figure 4-13 shows the maximum lighting demand available for FS across the 158 nodes in the
MISO grid reduced models for all 3 Cases and 3 technology penetration scenarios at 2 pm in the
afternoon. 2 pm was chosen to show in the bubble plot since the lighting-based demand savings is
at a maximum between 9 am to 3 pm. Thus, the use of data between 9 am and 3 shows similar
results. Lighting demand that can be used for FS reduces (from top to bottom in Figure 4-13) as
there are more LED lights in use (Case 2), and there are more LED lights with daylighting controls

(Case 3). The lighting available for FS increases (left to right in Figure 8) as more lighting fixtures

have the ability to respond to a grid signal and dim the lights to participate in FS.
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Case 1 with technology penetration 10% (current) Case 1 with technology penetration 30% (estimated 2035) Case 1 with technology penetration 100% (ideal case)
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Figure 4-13 Maximum aggregated demand saved due to lighting-based FS for Case 1 (first row),
Case 2 (second row) and Case 3 (third row) (see Table 2), at technology penetration scenarios of
10% (left column), 30% (center column) and 100% (right column) at grid nodes at 2 pm in the
afternoon on weekdays
Figure 4-14 shows the hourly profile for lighting demand that can be used as FS for weekdays and
weekends for the entire MISO region. Similar to Figure 7, Case 2 (100% LED) and Case 3 (100%
LED and daylight control) reduce the amount of lighting load available for FS. In addition, the

amount of lighting load available for FS increases with technology penetration. Table 4-4 shows
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the magnitude and percent of electricity demand that is available for all the cases as a percentage
of peak MISO load in 2019. Thus, flexibility services can be provided by lighting loads, both by
newer and the older buildings in the building stock by installing fixtures with dimming-based
controls. The older higher LPD lighting fixtures can provide more demand flexibility than newer

lighting fixtures with low LPD.
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Figure 4-14 Maximum and minimum aggregated demand saved due to lighting-based FS for all
three cases in table 3 at an hourly level for the entire MISO region for weekdays and weekends
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Table 4-4: Available lighting loads for FS at the MISO level as a percent of total peak MISO
loads

Peak load (in MW) MISO % of MISO load
Case Sub case .
TP 10% | TP_30% | TP _100% | (inGW) | TP 10% | TP 30% | TP_100%

Weekday - Min 369 1107 3690 121 0.30 0.91 3.05

Case 1 Weekday - Max 378 1134 3780 121 0.31 0.94 3.12
- Weekend - Min 208 624 2080 121 0.17 0.52 1.72
Weekend - Max 215 645 2150 121 0.18 0.53 1.78

Weekday - Min 152 456 1520 121 0.13 0.38 1.26

Case 2 Weekday - Max 157 471 1570 121 0.13 0.39 1.30
- Weekend - Min 84 252 840 121 0.07 0.21 0.69
Weekend - Max 88 264 880 121 0.07 0.22 0.73

Weekday - Min 92 276 920 121 0.08 0.23 0.76

Case 3 Weekday - Max 106 318 1060 121 0.09 0.26 0.88
- Weekend - Min 75 225 750 121 0.06 0.19 0.62
Weekend - Max 86 258 860 121 0.07 0.21 0.71

4.6 CONCLUSIONS

The percentage of electricity generated from variable sources such as wind and solar is projected
to rise in the future. One of the ways to balance the demand and supply in the electric grid is
through adjusting the load on the electric grid (i.e., the demand side). This study is focused on
estimating the Flexibility Services that can be provided by the lighting load in commercial
buildings. Based on the literature review, it was found that lighting load can be reduced by 20%
from the baseline illuminance level without causing any significant discomfort to occupants. Thus,
this study first uses Reference and Prototype building energy models to estimate the lighting load
that can be used for FS due to various building types and their energy code versions. The study
also accounts for daylighting controls that can either dim or completely turn off the lights when
sufficient daylight is present. The building level loads are further aggregated to various nodes of
the electric grid for the MISO region.

The study discusses various cases in the present and future with a range of levels of LED lighting

fixture adoption and availability of technology that can use the existing lighting infrastructure to
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provide FS. Overall, results suggest that for a case with all LEDs and a 30% technology
penetration, these smart lighting fixtures can provide approximately 300 to 600 MW (0.25 to 0.5
% of MISO peak load) of lighting-based FS. For the case with 100 % LEDs that also use perimeter
zone daylighting controls can provide around 300 — 400 MW (0.25 to 0.33 % of MISO peak load)
of lighting-based FS. Reducing these peaks loads can help to reduce the need for high cost and
carbon emitting peaking plants resulting in a cleaner and affordable grid. Further, the use of
daylighting controls reduces overall energy consumption of the buildings which is a strong benefit
from an emissions standpoint. However, this also reduces the amount of load used by lighting that
can support FS. Similarly, as the current higher Lighting Power Density (LPD) lighting fixtures
that can provide more demand flexibility are replaced with lower LPD lighting fixtures, this will
also reduce consumption, which is beneficial, but at the same time reduce the available demand
flexibility from lighting. We also note that demand-side lighting FS in commercial buildings also
aligns with typical solar energy generation profiles. Thus, likely it can be used to offset losses in
solar generation due to intermittent causes such as the sun being obstructed by clouds. Moving
forward, these results at each node can be used for grid models focused on predicting future
generation, transmission, and distribution infrastructure.

There are some limitations to this study, as well as opportunities for future work. The first relates
to the “acceptable” and “detectable” limits for lighting dimming. Most studies that provide this are
older and the impact on vision or loss of productivity over long term dimming is not extensively
studied. In addition, these studies did not account for external daylight. Newer studies could be
further used to determine the maximum amount of time the lighting loads can be lowered, as well
as how daylight impacts these results. The second relates to the building stock data used. The

building stock was approximated using the two datasets, the CoStar Realty Information data and
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FEMA Hazus building stock. However, while these datasets represent, to the authors’ knowledge,
the most comprehensive datasets available for buildings, they do not necessarily represent the
entire building stock. Development of building stock data at the county level would improve the
accuracy of aggregation efforts. Third, is the limitations on knowing the growth in availability and
costs of LED lights, daylight and occupancy controls, and other technologies, as well as changes
to regulations and mandates which might impact adoption rates, and or willingness to participate.
Technology adoption rates and willingness to participate in FS for commercial buildings should

be studied further to better refine these growth estimates for future scenarios.
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CHAPTER 5 - CONCLUSIONS AND RESEARCH CONTRIBUTIONS

5.1 Conclusions

This research focuses on energy savings, demand reduction, and visual comfort improvements due
to lighting and shading controls in commercial buildings. The first step was to investigate the kind
of control strategies that already exist in the recent literature and the metrics used to implement
the control strategy, then evaluate their performance post-implementation. Based on the literature
review, various control strategies for lighting and shading controls in buildings already exist. The
results of these studies are usually presented as case studies using either actual buildings or
simulations using box models. However, comparing shade and lighting control strategies across
different studies for generalized conclusions is still very challenging as most existing studies use
different baseline model assumptions for some variables such as room sizes (depth and width),
window size (height, width, and WWR (with/without split windows)), window orientation
(simultaneous windows in two directions), glazing material properties, shade material properties,
and climate zones of the building.

Thus, the first part of this study focused on comparing the existing control strategies using a
common baseline model. A DOE Prototype building model for small office buildings was chosen
as it is the most common commercial building in the United States based on the building size and
use type. Controls were modeled for four different categories including (a) Baseline Model (model
with and without shades/ no lighting control), (b) Manual Control Strategy, (c) Independent
Control Strategy using solar radiation and glare and (d) a novel control strategy developed by the
author, called the Integrated Control Strategy. This combines the Independent Control Strategy
with other variables such as Work Plane Protection Position (WPP), occupancy-based control, and
HVAC state to select appropriate shading and lighting level targets. The performance metrics used

for comparing these control strategies include visual comfort metrics such as view to the outside,
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glare conditions, and energy use metrics such as cooling, heating, lighting, and total EUI.
Sensitivity analysis for two variables namely zone orientation (N, W, E and S) and ASHRAE
climate zones (CZ2A, CZ4A, CZ5A, and CZ7) was provided when comparing the control
strategies. The conclusions of this study suggest that a complex rule-based shading strategy such
as an Integrated Control Strategy, which uses HVAC state, occupancy sensors, and time of day for
controls, only performs slightly better in terms of both energy use and visual comfort than a control
strategy that uses glare to control the shades. Thus, if the addition of sensors is needed to support
complex shading and lighting control strategies, these sensors may benefit from being used for
multiple purposes such as occupancy detection and HVAC controls in order to justify their use.

The results for the first part were used to select a control strategy for further sensitivity analysis.
The control strategy chosen was an Independent Control Strategy (IDS) using glare. The other
aspect identified in the first part is that variables such as climate zones impact energy use
significantly but not visual comfort. Building-related variables such as Window-to-Wall Ratio
(WWR), orientation of the windows, shade properties, glazing properties, and presence of shade
overhangs are some of the variables that significantly affect both visual comfort and the energy
performance of the building. To investigate the impact of these variables on the control strategy,
the prior model was updated further to build a parametric simulation model using six (6) input
variables, including WWR for all four orientations, shade material openness factor, and the length
overhang depth to evaluate the best-case scenarios based on four performance metrics Useful
Daylight Illuminance (UDI), Energy Use Intensity (EUI), view to the outside, and improvement
and thermal comfort. To evaluate the impact of additional variables, this process was repeated nine
(9) times for different building form factors to estimate the variation in results as the building form

factor changed. The study concludes that the best solution for two (2) variable combinations such
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as with one of the variables involving EUI (such as EUI and UDI, EUI and View, EUI, and PMV)
the solution) is predominantly a low 1% openness factor for shade openness factor combined with
high WWR values (such as 75 % and 50%) for the South and West facing direction. The other set
of optimum solutions involves a high shade openness factor (5% and 10 %) openness factor for
shade openness factor combined with low WWR values (such as 25 % and 50%). For the north-
facing direction, the optimum values for results do not show any particular pattern. For the variable
shade overhang depth, no overhangs are slightly preferable for square buildings whereas overhangs
with 1 meter depth are preferable for more rectangular buildings. However, the difference is very
close to 50-50. Therefore, the variation in result between building form factors is only slightly
different.

In addition to the four (4) performance metrics, (Energy based (EUI) and comfort based (UDI,
view and thermal comfort)) used in Focus Area 2, the demand reduction potential using building
controls is projected to play an important role in future as the percentage of electricity generated
from variable sources such as wind and solar is projected to rise in the future. For the grid to be
balanced, the electric demand and supply need to match in real time. Though there are various
ways of achieving this, one cost-effective method is to reduce existing building loads when the
electric grid is strained, also known as Demand-Side Flexible Services. To simplify this study,
only lighting controls are considered, as shading was always assumed to be open. The potential
for lighting loads as Flexibility Services was estimated for 10 different types commercial buildings
using DOE Reference and Prototype building models as opposed to just the small office building
on Focus Area 1 and 2.

Based on the literature review, it was found that lighting load can be reduced by 20% from the

baseline illuminance level without causing any significant discomfort to occupants. The study also
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accounts for daylighting controls that can either dim or completely turn off the lights when
sufficient daylight is present. The building level loads for these 10 commercial buildings are
further aggregated to various nodes of the electric grid for the MISO region. Overall, results
suggest that for a case with all LED lighting in commercial buildings and a 30% technology
penetration, these smart lighting fixtures can provide approximately 300 to 600 MW (0.25 to 0.5
% of MISO peak load) of lighting-based FS. For the case with all % LED lighting that also use
perimeter zone daylighting controls can provide around 300 to 400 MW (0.25 to 0.33 % of MISO
peak load) of lighting-based FS. Thus, using lighting loads as a Demand-side FS can reduce peak
loads, which can help to reduce the need for high-cost and high-carbon emitting peaking plants
resulting in a cleaner and affordable grid.

5.2 Research Contributions

The goal of this research study is to investigate energy savings, demand reduction, and visual
comfort improvements due to lighting and shading controls in commercial buildings. A meta-
analysis that can quantify and estimate the visual comfort and energy savings improvements for
shading and lighting controls across different existing control strategies can be very challenging
as these studies have different assumptions for baseline models and use different metrics for
comparing the results. This portion of this research represents a significant contribution as it
provides a performance comparison between existing control strategies with same building inputs.
In addition to the control strategies, the study also provides different baseline cases such as shades
always open, shades always closed, and manual control strategy to which the results for complex
shading controls can be compared. The developed methodology can be used by design teams to

estimate energy savings and visual comfort improvements based on their respective baseline case.

214



The control strategies are compared using an ASHRAE 90.1-2004 baseline model, for which EUI
compares to the existing building stock. However, the Lighting Power Density (LPD) for the
model is assumed to be 6.88 W/m? with all LED lighting, as replacing LED lighting is the easiest
retrofit for energy saving before implementing any controls. Thus, the results of this study are very
relevant for retrofit projects that are planning control upgrades when selecting different controls
strategies. For new construction projects, energy savings will be lower than predicted in this
research due to a likely more efficient building envelope and more efficient equipment. However,
as this research assumes LED lighting for the model, the lighting energy saving, and visual comfort
results are applicable for both retrofit and the new construction projects.

For the development of the parametric model, previous studies that have used
parametric/optimization models with shading systems such as roller shades are limited. Most
studies have focused on using horizontal and vertical louvers. Further, studies that have used a
parametric model for a roller that switches between different shade positions based on a control
strategy are rare. This study uses roller shades with three shade positions (fully open, 50 percent
closed, and fully closed) and uses a daylighting model that controls shade in all four orientations
independently for each timestep. As the amount of daylight entering the space from different
orientations varies throughout the day, using an automated shading control strategy for roller
shades that can operate in multiple positions independently for different orientations is crucial.
Literature reviews for parametric and optimization studies for daylighting models usually use only
two output metrics, Energy Use Intensity (EUI) and one daylighting metric, typically Useful
Daylight Illuminance (UDI) or Daylight Autonomy (DA). A few studies have also used Spatial
Daylight Autonomy (sDA) and Annual Sunlight Exposure (ASE) as the output metrics for visual

comfort. This study uses a glare-based daylighting control strategy (shades are lowered if
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DGPs>0.35) with multiple output metrics including Energy Use Intensity (EUI), Useful Daylight
Illuminance (UDI), view to the outside, and percent improvement in thermal comfort. Thus, the
parametric model adds to the existing knowledge of roller shade-based systems while selecting the
best solution, considering more performance metrics than past studies. The results also present the
best solution for a combination of two/three variables. For instance, this project uses four
performance metrics UDI, EUI, view and thermal comfort. The study provides the best solution
for combination for two variable such as best solution for UDI and EUI, the best solution EUI and
view and so on. Similarly, the study also presents the best solution for combination of three (such
as UDI, EUI and view or EUI, UDI and Thermal comfort and so on) variables. The results
presented thus can help a design team to choose a set of input variables based on their goal for a
particular project. As the input variables used in the parametric model, such as building form
factor, WWR, shade properties, and depth of shade overhang, are decided during the preliminary
design phase of the project, these variables are harder to change after building construction is
complete. As the model uses ASHRAE 90.1-2019 standard assumptions for the baseline model,
the research is useful for estimating energy saving and visual comfort improvements for new

construction projects.

Finally, by estimating demand flexibility using lighting loads for different commercial buildings,
the developed building- and grid-scale estimates for each grid node can be used for grid models
focused on predicting future generation, transmission, and distribution infrastructure performance
and needs. The study presents three scenarios that provide high and low estimates for the potential
for using lighting loads as demand side-flexibility services. As HVAC loads for flexibility services
is extensivity studied as flexibility services, the same amount of attention is currently not given for

lighting loads; this study addresses this gap.
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5.3 Limitations and Future Work

Ladybug tools are used to model the control strategies and develop the parametric model. This
front-end tool allows the user to develop daylighting and energy simulation models using one
common set of tools. The Ladybug tool uses EnergyPlus for energy simulation and RADIANCE
for daylighting simulation. It also supports cloud-based computation, allowing the ability to run
very large parametric models (such as the models used in this research) faster. However, despite
using the latest available tools and analyzing the current literature for opportunities, there are some
assumptions and limitations to the current study.

First, the minimum timestep for the analysis is one hour due to the significant time taken for
RADIANCE simulation for granular timesteps. Studies with more granular timesteps for
daylighting and energy simulation can highlight the incremental saving of complex shading and
lighting strategies by capturing fluctuating weather conditions. Second, the occupancy schedule
used in Integrated Control Strategy (IGS) is based on the DOE model Prototype Building model’s
hourly occupancy schedule. A stochastic model or a case study which accounts for occupancy at
a finer timestep can better highlight the impact of occupancy when used as IGS. The third
limitation is that while using the Ladybug tool’s cloud computing option allows the author to
develop a large parametric model, even with cloud-based tools, it can still be very difficult to add
every variable that influences the model's performance. Further, cloud-based tools currently only
allow for the development of parametric models and not optimization-based models. Implementing
Optimization based algorithms with cloud-based computing can allow for more variables to be
incorporated into the simulation for a more fine-tuned result. This study also explored WWR,
shade properties, and shade overhang depth as a few variables. However, other variables, such as

glazing type, minimum windowsill heights, and different climate zones, can provide further insight
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for the impact. For future work the author proposes to also study the impact of daylighting and it
controls on different types of commercial buildings (e) The shade depth variable can be optimized
for each orientation instead of using the same shade depth for all directions (that converts one
variable into four additional variables, increasing the number of simulations significantly). (f) The
study only considers form factors with rectangular shapes. However, buildings with non-
rectangular shapes such as U-shaped, T-shaped, H-shaped, trapezoidal, and other free-form
building shapes combined with the effect of daylight and energy performance are not well studied.
If such non-rectangular building shapes with multiple stories are analyzed, the shading effect of
parts of the same building over other parts of the building must be carefully evaluated.

For limitations and future work for the demand flexibility part of this research, the first relates to
the “acceptable” and “detectable” limits for lighting dimming. Most studies that provide this are
older, and the impact on vision or loss of productivity over long-term dimming has not been
extensively studied. In addition, these studies did not account for external daylight. Newer field
studies that could quantity and verify these acceptable and detectable levels can be used to
determine the maximum amount of time the lighting loads can be lowered and how daylight
impacts these results. The second relates to the building stock data used. The building stock was
approximated using the two datasets, the CoStar Realty Information data and the FEMA Hazus
building stock. However, while these datasets represent, to the authors’ knowledge, the most
comprehensive datasets available for buildings, they do not necessarily represent the entire
building stock in the U.S. Developing building stock data at the county level would improve the
accuracy of aggregation efforts. Efforts to build a robust dataset for commercial building will help
refine the grid levels. Third is the limitations on knowing the growth in availability and costs of

LED lights, daylight and occupancy controls, and other technologies, as well as changes to
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regulations and mandates which might impact adoption rates and or willingness to participate
moving forward. Technology adoption rates and willingness to participate in FS for commercial
buildings should be studied further to refine these growth estimates for future scenarios. Further,
the current study only develops estimates for lighting controls, but a combination of lighting and

shading control can provide better estimates and should be considered for future work.
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