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	AHU
	Air Handling Unit

	ASHRAE
	American Society of Heating, Refrigeration, and Air-Conditioning Engineers

	BAS 
	Building Automation System

	BTU 
	British Thermal Unit

	C 
	Capacitance (thermal and/or electrical)

	CAISO
	California Independent System Operator

	CHW
	Chiller Water

	cp 
	Specific heat at constant pressure

	EDR
	Energy Demand Response

	HVAC 
	 Heating, Ventilation, and Air Conditioning

	IAQ
	Indoor Air Quality

	KCL
	Kirchhoff's Current Law

	KVL
	Kirchhoff's Voltage Law

	kWh 
	 kilowatt hour

	m
	Mass

	
	Mass flow rate

	MA 
	 Mixing Air or mixed air

	MBTU 
	 equivalent to one-thousand (1,000) BTU

	MMBTU 
	equivalent to one-million (1,000,000) BTU

	OA 
	 Outdoor Air

	ODE 
	 Ordinary Differential Equation

	PI
	Proportional-Integral (with respect to feedback control)

	PID
	Proportional-Integral-Derivative (with respect to feedback control)

	PNNL
	Pacific Northwest National Laboratory

	PV
	Photovoltaic

	Q
	Volumetric flowrate

	R
	Resistance or Resistor

	RA 
	Return Air

	RC
	Resistor-Capacitor

	RH
	Relative Humidity

	SA 
	 Supply Air

	SP, sp 
	 Set point

	T
	Temperature

	TCC
	Transactive Control and Coordination

	TOU
	Time of Use

	V 
	Voltage

	VAV
	Variable Air Volume

	VFD
	Variable Frequency Drive

	VOC
	Volatile Organic Compound


[bookmark: _Toc78963721]Abstract
The goal of this thesis is to identify methods to control a commercial Heating, Ventilation, and Air Conditioning (HVAC) system that results in precise control of the cooling coil load and the ability to prioritize the comfort of certain zones. The state of the art method of zone temperature setpoint adjustments is introduced and the weaknesses are identified. Temporarily resetting the zone temperature setpoints shows the capacity to significantly reduce the cooling coil load, but the load is not controlled precisely. The setpoint reset method is compared through simulation and experimentation to the proposed solutions of Energy Demand Response control (EDR) and Transactive Control and Coordination (TCC) integrated with EDR control. A model of the system that captures the relevant behaviors was developed to test each of the control strategies under different scenarios. Through simulation it was found that EDR control can precisely regulate the cooling coil load but does not provide any way to prioritize the zones. EDR combined with TCC precisely controls the cooling coil load and allows for the comfort of specific zones to be prioritized. The setpoint reset and EDR control strategies were validated experimentally on a multizone variable air volume air handling unit. The cooling coil load during a period of setpoint reset was experimentally found to vary between 1.1±0.4 refrigeration tons. The cooling coil load under EDR control was regulated between 1.1±0.1 refrigeration tons. Future areas of study have been identified, which includes using a virtual flow meter for EDR control and increasing the scale of EDR+TCC implementation.
2

[bookmark: _Toc78963722]Introduction 
Throughout the United States and the rest of the world, energy consumption is steadily increasing. Energy consumption in all forms may be rising, but electricity consumption specifically is growing and presents certain risks. The total electricity consumption in the United States reached 3.8 trillion kWh in 2020. This consists of the end use by all sectors including residential, commercial, industrial, transportation, and direct use. The consumption is up from only 0.29 trillion kWh in 1950. [1] The historical electricity consumption by end-use sector is shown in Figure 1‑1. It can be seen that electricity use by all sectors is increasing and that the most impactful sectors are residential, commercial, and industrial. The electricity consumption of the commercial sector made up approximately 35% of the total electricity sales in the United States. The residential sector and industrial sector cover 39% and 25% of the electricity sales, respectively [1]. 
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[bookmark: _Ref76721762][bookmark: _Ref76037659][bookmark: _Toc78963764]Figure 1‑1: U.S. Electricity consumption by end-use sector [1]
It is not fair to claim that this growth in electricity consumption is necessarily a bad thing. Growth in this way is an expected outcome as more and more devices become connected to the grid and communities gain access to electricity. However, continued growth in electricity consumption requires pause for certain considerations such as: Can electricity production keep up with the growing consumption? Can the current electrical grid handle the growing consumption? Is the total electricity consumption the only concern moving forward? 
It is true that the total electricity consumption is a concern. As more devices are connected, the total electricity demand will continue to grow and must be offset through increased generation. Many electricity providers are working to meet this demand by utilizing renewable energy sources like solar photovoltaic (PV) farms.  Electricity generation from renewable sources is great but also brings about new complications. Considering solar farms, operation is shut down at night and can be affected by environmental factors like cloud cover. Peak solar generation occurs early to mid-afternoon when electricity demand is relatively stable. During peak solar generation, some generators may need to be shut down to prevent over-generation and damage to the system. In the early evening, there is double blow to the system as solar generation begins to reduce and the demand increases. This combination creates a massive ramp in the net load that must be met through alternative generation methods [2, 3]. The net load, normal load minus PV and wind generation, can be seen in Figure 1‑2. The “belly” or dip in the duck curve is becoming increasingly pronounced each year. This results in an intensive load ramp and peak that must be met.
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[bookmark: _Ref76046302][bookmark: _Toc78963765]Figure 1‑2: CAISO Electricity Duck Curve [2]
The leading proposals to reduce the risks associated with the duck curve are “flattening” and “fattening” the curve. Fattening the curve will increase the dip by allowing for more solar generation and reduced generation from other sources. Much of this approach relies on the providers to allow non-solar generation to be reduced and requires that the load forecast can predict the net load ramp. The alternative is to flatten the duck curve. Flattening requires reducing the peak load and increasing the load during the dip. With load shifting, electricity can be consumed, and energy can be stored during the low load period and released for use during the peak time [3].
Many electricity providers are attempting to flatten the duck curve by incentivizing consumption outside of the peak time or disincentivizing electricity consumption during peak time. Electricity use is generally disincentivized by introducing a tariff or by increasing the cost during peak hours. This is often referred to as Time of Use (TOU) rates or Peak Hours Pricing. The time range of peak hours, to be referred to as “peak hours”, is set to diminish the effects of the net load ramp intensity and net load peak.  Peak hours may or may not be constant as the net load profile can change due to seasonal changes or other operational changes. For example, California ISO has proposed four TOU rates, Super-peak, peak, super off-peak, and off-peak to address different levels of grid risk [4]. OGE Energy Corporation, a local utility provider, holds peak hours weekdays from 2PM to 7PM. The pricing rate during and outside of peak hours are 0.22 $/kWh and 0.05 $/kWh respectively [5]. Different regions may require unique peak hours to achieve the maximum benefits.
Not all devices can contribute to load shifting because the energy from some devices is not easily storable. For example, building lighting could be turned on earlier or at night but will still need to follow occupants’ needs. Electricity is consumed in commercial buildings by multiple devices as indicated by Figure 1‑3. Many of these devices like computers operate under direct user interaction. Others add or remove heat from the building. Space heating, cooling, and ventilation account for approximately 25% of electricity consumed in all commercial buildings [6]. Heat is a form of energy that can be stored in multiple ways such as sensible heat in the thermal mass of the building. 
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[bookmark: _Ref76049702][bookmark: _Toc78963766]Figure 1‑3: Commercial Electricity Consumption by End Use [6]
Heating, ventilation, and air conditioning (HVAC) systems make up a significant portion of the total electricity consumption and are not required operate at a specific level like computers. Energy from the HVAC systems can also be stored in the existing structure through heating or cooling. These factors make the HVAC system a prime contender for load management [7, 8]. A report from The Office of Energy Efficiency and Renewable Energy considered four demand-side energy management strategies as given below [8]. The load behavior is also show in Figure 1‑4.
1. “Efficiency: the ongoing reduction in energy use while providing the same or improved level of building function.
2. Load Shed: the ability to reduce electricity use for a short time period and typically on short notice. Shedding is typically dispatched during peak demand periods and during emergencies.
3. Load Shift: the ability to change the timing of electricity use. In some situations, a shift may lead to changing the amount of electricity that is consumed. Load shift in the GEB Technical Report Series focuses on intentional, planned shifting for reasons such as minimizing demand during peak periods, taking advantage of the cheapest electricity prices, or reducing the need for renewable curtailment. For some technologies, there are times when a load shed can lead to some level of load shifting.
4. Modulate: the ability to balance power supply/demand or reactive power draw/supply autonomously (within seconds to sub seconds) in response to a signal from the grid operator during the dispatch period.
5. Generate: the ability to generate electricity for on-site consumption and even dispatch electricity to the grid in response to a signal from the grid. Batteries are often included in this discussion, as they improve the process of dispatching such generated power.”
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[bookmark: _Ref76634758][bookmark: _Toc78963767]Figure 1‑4: Demand-side energy management strategies [8]
The Modulating and Generating categories will not be considered as they are less likely to be intentionally affected by the HVAC system or building thermal dynamics. Each of these energy management strategies has unique benefits and tradeoffs that can be explored. For example, improving the system efficiency often requires that the system be retrofitted or replaced. Load shifting and load shedding can both be accomplished in some capacity through HVAC control changes. Load shedding simply eliminates a portion of the load, while load shifting moves a portion of the load from one time to another [8]. This work will primarily focus on load shedding of the HVAC system.
[bookmark: _Toc76558901][bookmark: _Toc76559056][bookmark: _Toc76559211][bookmark: _Toc76559508][bookmark: _Toc76561264][bookmark: _Toc76575416][bookmark: _Toc76575569][bookmark: _Toc76575651][bookmark: _Toc76558902][bookmark: _Toc76559057][bookmark: _Toc76559212][bookmark: _Toc76559509][bookmark: _Toc76561265][bookmark: _Toc76575417][bookmark: _Toc76575570][bookmark: _Toc76575652][bookmark: _Toc76558903][bookmark: _Toc76559058][bookmark: _Toc76559213][bookmark: _Toc76559510][bookmark: _Toc76561266][bookmark: _Toc76575418][bookmark: _Toc76575571][bookmark: _Toc76575653][bookmark: _Toc76558904][bookmark: _Toc76559059][bookmark: _Toc76559214][bookmark: _Toc76559511][bookmark: _Toc76561267][bookmark: _Toc76575419][bookmark: _Toc76575572][bookmark: _Toc76575654][bookmark: _Toc76558905][bookmark: _Toc76559060][bookmark: _Toc76559215][bookmark: _Toc76559512][bookmark: _Toc76561268][bookmark: _Toc76575420][bookmark: _Toc76575573][bookmark: _Toc76575655][bookmark: _Toc76558906][bookmark: _Toc76559061][bookmark: _Toc76559216][bookmark: _Toc76559513][bookmark: _Toc76561269][bookmark: _Toc76575421][bookmark: _Toc76575574][bookmark: _Toc76575656][bookmark: _Toc76558907][bookmark: _Toc76559062][bookmark: _Toc76559217][bookmark: _Toc76559514][bookmark: _Toc76561270][bookmark: _Toc76575422][bookmark: _Toc76575575][bookmark: _Toc76575657][bookmark: _Toc76558908][bookmark: _Toc76559063][bookmark: _Toc76559218][bookmark: _Toc76559515][bookmark: _Toc76561271][bookmark: _Toc76575423][bookmark: _Toc76575576][bookmark: _Toc76575658][bookmark: _Toc76558909][bookmark: _Toc76559064][bookmark: _Toc76559219][bookmark: _Toc76559516][bookmark: _Toc76561272][bookmark: _Toc76575424][bookmark: _Toc76575577][bookmark: _Toc76575659][bookmark: _Toc76558910][bookmark: _Toc76559065][bookmark: _Toc76559220][bookmark: _Toc76559517][bookmark: _Toc76561273][bookmark: _Toc76575425][bookmark: _Toc76575578][bookmark: _Toc76575660][bookmark: _Toc76558911][bookmark: _Toc76559066][bookmark: _Toc76559221][bookmark: _Toc76559518][bookmark: _Toc76561274][bookmark: _Toc76575426][bookmark: _Toc76575579][bookmark: _Toc76575661][bookmark: _Toc76558912][bookmark: _Toc76559067][bookmark: _Toc76559222][bookmark: _Toc76559519][bookmark: _Toc76561275][bookmark: _Toc76575427][bookmark: _Toc76575580][bookmark: _Toc76575662][bookmark: _Toc76558913][bookmark: _Toc76559068][bookmark: _Toc76559223][bookmark: _Toc76559520][bookmark: _Toc76561276][bookmark: _Toc76575428][bookmark: _Toc76575581][bookmark: _Toc76575663][bookmark: _Toc78963723]Research Rationale
The peak load during and after peak hours must be mitigated. Electricity is consumed by a variety of devices and systems, but HVAC systems are a major contributor to the building load. The HVAC system uses electricity for many processes, but not all components make a significant impact. The HVAC type under consideration will be a commercial system with a chilled water cooling coil. 
This type of HVAC system has multiple levels that each have some electricity consuming components. The major areas that will be considered are at the air handling unit (AHU) level and chiller level. The AHU is responsible for distributing cool, dry air to all of the zones in the building. The chiller must remove heat from the chiller water after it is used by the AHU. Each level has major components that greatly affect the building load and control components that do not impact the building load in a significant way. 
The supply air fan is generally the primary electricity consuming device in the AHU. This drives the conditioned air to building zones by converting electricity to air movement. The other element in the AHU that must be considered is the cooling coil. The cooling coil does not directly consume electricity but is responsible for transferring heat from the air to the chiller water. The water is then cycled back to the chiller where the heat must be removed. Therefore, electricity consumption may be reduced by operating the supply air fan at a lower speed or by limiting the amount of heat removed by the cooling coil.
The state of the art method of shifting HVAC electricity consumption is by resetting the zone temperature setpoints for some period of time. A setpoint adjustment to a higher temperature causes a series of events that leads to a load reduction. First, the terminal box damper of the specific zone will close and reduce supply air into the zone so that the new setpoint can be achieved. All specified zones will result in a reduction of the total supply air flow. This lower flowrate results in both less heat entering the chiller water through the cooling coil and less electricity consumed by the supply air fan.
The combination of reduced supply air fan speed and cooling coil load significantly impact the electricity consumption while the strategy is active. However, the cooling coil load, and thus, the electricity consumption cannot be controlled precisely. It is difficult to estimate to what level the setpoint reset will affect the electricity use. Additionally, this method will not strictly control the cooling coil load or supply air fan operation. The cooling coil load will initially drop significantly but will begin to rise as the zones reach the new setpoints.
[bookmark: _Toc78963724]Proposed Solution and Research Questions
The goal of this work can be separated into two distinct parts. First, the cooling coil load must be precisely controlled for the duration of the specified time. Second, the system must be able to prioritize certain zones in the building. This does not mean that some zones are simply neglected but not all zones will require the same level of comfort.
The proposed solution consists of two major components to reach both goals. A form of direct load control that will be known as energy demand response (EDR) control will be used to precisely manage the cooling coil load. This requires reassigning levels of importance for certain operating parameters in the AHU. The cooling coil load is the primary concern, and the zone temperatures are treated as a secondary concern. This control strategy by itself will regulate the cooling coil load; however, it does not offer any way to prioritize any zones. 
The second piece of the proposed solution is to integrate Transactive Control and Coordination (TCC) into the control strategy. TCC is a control method developed by Pacific Northwest National Laboratory (PNNL). TCC allows each zone to bid for cooling from the AHU based on its need.  The cool air can then be distributed to all zones by using the bids. TCC can also limit the cooling coil load, but it may not be controlled with the required level of accuracy.
The combination of these two strategies will allow for both goals to be achieved. Although, each strategy brings about unique tradeoffs. A qualitative comparison of relevant parameters and tradeoffs is given in Table 1‑1. For example, each method requires that the zone temperatures increase to reduce the cooling coil load, but this compromised temperature may be inconsistent. However, compromised temperature can be strictly enforced with the setpoint reset method. The other two control methods will result in a compromised zone temperature that may not be desired.  
[bookmark: _Ref76123556][bookmark: _Ref76123552][bookmark: _Toc78963816]Table 1‑1: Control strategy qualitative comparison
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The main research questions reside in understanding what unique benefits and tradeoffs of each control strategy can offer that may be necessary in different scenarios. To answer the main research question, the following research questions need to be addressed in this thesis:
1. What are the necessary parameters to quantify the benefits and tradeoffs of control strategies?
2. How should the system components be defined the and the dynamics modeled to conduct control performance analysis?
3. How should experimental procedures be designed to validate the simulation results?
4. What operation scenarios should be considered for performance validation?
[bookmark: _Toc78963725]Thesis Overview
The broad research objective of this thesis is to develop and test a method to limit the cooling coil load that address the shortcomings of the state-of-the-art strategy. The produced outcome must be able to precisely control the cooling coil load and provide a way to prioritize the comfort of certain zones. Specific objectives include identifying the cause of the shortcomings, creating a model that captures relevant system behaviors, validating the proposed method by comparing the developed control method to the current methods, and identifying future work on the topic. The structure of this thesis is summarized as follows:
Chapter One serves as an introduction into the background of the problem, namely the growing peak electricity demand. The state-of-the-art method of load control and the proposed solutions to improve upon the current strategy are also established.
Chapter Two serves as a literature review of the state-of-the-art control method. It provides the details and shortcomings of the current control method.
Chapter Three is primarily the development of the model used for all simulations. The experimental test bed and set up are also introduced.
Chapter Four covers the test conditions and results, both simulated and experimental, of the setpoint reset tests and the energy demand response tests.
Chapter Five introduces Transactive Control and Coordination and integrates it with energy demand response control. The simulated results and analysis of EDR+TCC operation are included in this chapter.
Chapter Six serves as the concluding remarks of the thesis. The major takeaways from each of the control methods are covered, and potential future work is also established.



[bookmark: _Toc78963726][bookmark: _Toc76028323][bookmark: _Toc76031869][bookmark: _Toc76032031][bookmark: _Toc76138283][bookmark: _Toc76138339][bookmark: _Toc76227576][bookmark: _Toc76381641][bookmark: _Toc76395217][bookmark: _Toc76399204][bookmark: _Toc76404429][bookmark: _Toc76462271][bookmark: _Toc76464325][bookmark: _Toc76468427][bookmark: _Toc76468577][bookmark: _Toc76468889][bookmark: _Toc76469126][bookmark: _Toc76469683][bookmark: _Toc76471265][bookmark: _Toc76482216][bookmark: _Toc76483937][bookmark: _Toc76484041][bookmark: _Toc76555624][bookmark: _Toc76555931][bookmark: _Toc76556060][bookmark: _Toc76556930][bookmark: _Toc76558917][bookmark: _Toc76559072][bookmark: _Toc76559227][bookmark: _Toc76559524][bookmark: _Toc76561280][bookmark: _Toc76575432][bookmark: _Toc76575585][bookmark: _Toc76575667][bookmark: _Toc76028324][bookmark: _Toc76031870][bookmark: _Toc76032032][bookmark: _Toc76138284][bookmark: _Toc76138340][bookmark: _Toc76227577][bookmark: _Toc76381642][bookmark: _Toc76395218][bookmark: _Toc76399205][bookmark: _Toc76404430][bookmark: _Toc76462272][bookmark: _Toc76464326][bookmark: _Toc76468428][bookmark: _Toc76468578][bookmark: _Toc76468890][bookmark: _Toc76469127][bookmark: _Toc76469684][bookmark: _Toc76471266][bookmark: _Toc76482217][bookmark: _Toc76483938][bookmark: _Toc76484042][bookmark: _Toc76555625][bookmark: _Toc76555932][bookmark: _Toc76556061][bookmark: _Toc76556931][bookmark: _Toc76558918][bookmark: _Toc76559073][bookmark: _Toc76559228][bookmark: _Toc76559525][bookmark: _Toc76561281][bookmark: _Toc76575433][bookmark: _Toc76575586][bookmark: _Toc76575668][bookmark: _Toc76028325][bookmark: _Toc76031871][bookmark: _Toc76032033][bookmark: _Toc76138285][bookmark: _Toc76138341][bookmark: _Toc76227578][bookmark: _Toc76381643][bookmark: _Toc76395219][bookmark: _Toc76399206][bookmark: _Toc76404431][bookmark: _Toc76462273][bookmark: _Toc76464327][bookmark: _Toc76468429][bookmark: _Toc76468579][bookmark: _Toc76468891][bookmark: _Toc76469128][bookmark: _Toc76469685][bookmark: _Toc76471267][bookmark: _Toc76482218][bookmark: _Toc76483939][bookmark: _Toc76484043][bookmark: _Toc76555626][bookmark: _Toc76555933][bookmark: _Toc76556062][bookmark: _Toc76556932][bookmark: _Toc76558919][bookmark: _Toc76559074][bookmark: _Toc76559229][bookmark: _Toc76559526][bookmark: _Toc76561282][bookmark: _Toc76575434][bookmark: _Toc76575587][bookmark: _Toc76575669][bookmark: _Toc76028326][bookmark: _Toc76031872][bookmark: _Toc76032034][bookmark: _Toc76138286][bookmark: _Toc76138342][bookmark: _Toc76227579][bookmark: _Toc76381644][bookmark: _Toc76395220][bookmark: _Toc76399207][bookmark: _Toc76404432][bookmark: _Toc76462274][bookmark: _Toc76464328][bookmark: _Toc76468430][bookmark: _Toc76468580][bookmark: _Toc76468892][bookmark: _Toc76469129][bookmark: _Toc76469686][bookmark: _Toc76471268][bookmark: _Toc76482219][bookmark: _Toc76483940][bookmark: _Toc76484044][bookmark: _Toc76555627][bookmark: _Toc76555934][bookmark: _Toc76556063][bookmark: _Toc76556933][bookmark: _Toc76558920][bookmark: _Toc76559075][bookmark: _Toc76559230][bookmark: _Toc76559527][bookmark: _Toc76561283][bookmark: _Toc76575435][bookmark: _Toc76575588][bookmark: _Toc76575670][bookmark: _Toc76028327][bookmark: _Toc76031873][bookmark: _Toc76032035][bookmark: _Toc76138287][bookmark: _Toc76138343][bookmark: _Toc76227580][bookmark: _Toc76381645][bookmark: _Toc76395221][bookmark: _Toc76399208][bookmark: _Toc76404433][bookmark: _Toc76462275][bookmark: _Toc76464329][bookmark: _Toc76468431][bookmark: _Toc76468581][bookmark: _Toc76468893][bookmark: _Toc76469130][bookmark: _Toc76469687][bookmark: _Toc76471269][bookmark: _Toc76482220][bookmark: _Toc76483941][bookmark: _Toc76484045][bookmark: _Toc76555628][bookmark: _Toc76555935][bookmark: _Toc76556064][bookmark: _Toc76556934][bookmark: _Toc76558921][bookmark: _Toc76559076][bookmark: _Toc76559231][bookmark: _Toc76559528][bookmark: _Toc76561284][bookmark: _Toc76575436][bookmark: _Toc76575589][bookmark: _Toc76575671]Review of State of the Art
One of the leading state of the art methods to reduce cooling coil load and in turn the electricity demand is by raising the zone temperature setpoints in the building [7, 9]. The sequence of operations that are induced with this strategy can be simplified to the following summary. Once the temperature setpoint is reset to a higher value, the terminal box damper will begin to close. The reduced damper position result in less cool, dry air being supplied into the room. As the room temperature approaches the new setpoint, the damper will open and modulate to maintain the zone temperature. A higher zone temperature will result in slightly less heat entering the zone that must be removed by conditioned air. Reduced air into the zones will cause less supply air to be needed and a lower cooling coil load. Some of the studies in the area of set point reset to reduce the load can be found in [7, 10, 11, 9]. Although the space air temperature reset can result in load reduction in general, three major operational challenges are identified:
1) The space air temperature reset usually does not provide a precise load reduction, i.e., it is difficult to relate the degrees of temperature rise to the percentage of load reduction.
2) Mitigation methods for comfort loss do not effectively consider the potential provided by different preferences in different thermal zones. 
3) The load profile is inconsistent using the space air temperature reset.   
[bookmark: _Toc78963727]Methods for Determination of New Space Air Temperature Set Point
When using space air temperature reset to manipulate the load reductions, the first challenge is to define the new space air temperature set point. It needs to satisfy the load reduction purpose and maintain a certain level of comfort. 
A majority of the studies set the adjusted space air temperature setpoints a few degrees higher than the ones in normal operation uniformly through a global reset command in building automation system (BAS) to obtain a load reduction. However, the magnitude of the load reduction using this strategy is not a directly controlled amount. The magnitude of the load reduction is hard to calculate due to the complexity of the system and likely will not be constant because of dynamic loads in the building. It was noted that, “It is often difficult to estimate the demand savings achieved by HVAC strategies, because the building’s HVAC electric load is dynamic and sensitive to weather conditions, occupancy, and other factors.” [7] Additionally, it has been observed that the temperature and load responses are affected by factors such as the time of day and weather conditions. The demand response potentials decrease when the outdoor air temperature is less than 75°F or when the load exceeds the HVAC system capacity [12].
Some studies adopted models to predict the new space air temperature set point based on a load reduction goal. For example, a representative building model was developed in eQUEST to study the effects of different setpoint adjustments on the cooling load [12]. However, a highly detailed model would likely require a unique model for each building or a set of representative buildings and would not be feasible for real-time calculations. Many studies utilize RC models to predict the temperature dynamics, predict the cooling load, and determine a new setpoint. RC models can provide a reasonable representation of the system, but this requires accurate determination of the R and C values. The values could be calculated based on the building structure and materials. They could also be calculated using parameter estimation techniques [13]. Aside from detailed simulations and RC models, the temperature and load can be predicted with “gray-box” or “black-box” models [14, 15]. These are broadly data driven models that calculate an output based the probability from measured data. The accuracy of the model and the challenge of running a complex model for real-time control can present a challenge for precise load management.
[bookmark: _Toc78963728]Methods for mitigation of comfort losses
The more common strategy is to attenuate the comfort compromise is by precooling. The basic concept of precooling is to overcool the zone before peak hours, then allow the zone temperature to rise slightly during peak hours [16]. This shifts a portion of the load that would occur during peak hours to the time leading up to peak hours. The zone temperatures should remain comfortable for the occupants because of the temperature decreasing before rising. 
Precooling is a popular strategy to reduce the load during peak hours and still maintain reasonable levels of comfort. However, the issue lies in determining what the setpoint should be throughout the day. This has been approached in numerous ways from rule-based strategies to optimized control and model predictive control. Even a simple rule-based method will still require some insight to achieve the most effective outcome. A building with an undersized cooling system may take longer to precool than one with an oversized system. Rule-based precooling strategies have shown to be effective in reducing the peak load and load during peak hours [17, 16]. A set of rule-based precooling tests were conducted by Xu et Al. and found to reduce chiller power by 80-100% during peak hours when precooling was initiated prior to peak hours [16]. The efficacy of rule-based strategies was also validated experimentally. It was found to reduce the load of zones during occupied hours by 23% compared to a night setup where the setpoint was increased during unoccupied hours [18]. 
There is also a significant amount of research going into precooling strategies that implement Model Predictive Control (MPC). Lee et Al. predicted a peak load reduction of 30% in a demand limiting period while still maintaining comfortable conditions. The strategy was also implemented on site and resulted in a 30% reduction of the peak cooling load compared to the same building operating under standard conditions [9]. A higher level MPC study with solar PV panels and electrical storage found an electricity demand reduction of 23% even when these extra devices were unused [19].
 Wang et al. investigated the formulation of an appropriate model and optimal precooling in residential buildings. This was compared to two rule-based strategies and found that the optimal control was much better at preventing peak hours operation, and that in some scenarios it may be more efficient to precool early in the day instead of directly before peak hours [13, 20]. Multiple studies also found that there can be significant cost savings in commercial buildings through optimal control when the demand is increased at night with the energy to be stored for later use [21, 22]. 
If precooling is not viable for the system, the setpoint reset could also be initiated at the onset of peak hours. This would entail raising the setpoint only at the start of peak hours.  This strategy will primarily result in load shedding but a portion of the load during peak hours to the time after peak hours when the reset is released, and the system returns to the initial conditions [8]. This method is less common because it may increase the likelihood that occupants become uncomfortable. The reset setpoint may need to be higher than if precooling were used if the system is to remain below the same load. This method would be more likely to be used when there is not ample notice to plan for precooling, such as during a grid emergency when the demand must be immediately reduced [8]. This setpoint reset strategy has been explored by Cai et al. and found that this strategy will result in some amount of load shedding as well as load shifting. They found that “an average of 1.6% daily energy savings can be achieved with 5°F increase in set point.” In regard to reducing the peak demand during peak hours, this method is more effective during mild outdoor conditions [10].
The value chosen for the new temperature setpoint may not be accepted by all occupants. The temperature chosen for the reset is likely to change depending on the required level of energy demand reduction, so occupant comfort may vary day to day. A detailed review of the effects of an increased setpoint adjustment on thermal comfort has been conducted by Aghniaey and Lawrence [23]. The study included the effects on human comfort of operating the system at a higher setpoint and the discomfort caused by temperature drift. They found increased discomfort of occupants “especially for temperatures higher than [82.4°F]” The discomfort caused by temperature ramp will usually be minimized if the temperature increase is slow enough and the cycling rate is maintained [23]. The values vary between studies but follow these general assertions. ASHRAE also provides a guideline of temperature drift as given in Table 2‑1 [24]. These temperature drift effects will be important in determining the acceptability of the proposed load reduction solution.

[bookmark: _Ref76721325][bookmark: _Toc78963817]Table 2‑1: ASHRAE Limits on Temperature Drifts and Ramps (ASHRAE-55-2010) [24]
	Time Period, h
	0.25
	0.5
	1
	2
	4

	Maximum Operative Temperature
Change Allowed, °C (°F)
	1.1 (2.0)
	1.7 (3.0)
	2.2 (4.0)
	2.8 (5.0)
	3.3 (6.0)



[bookmark: _Toc78963729]Inconsistent load profile
Due to the complexity of the sequence of operations and physical limitations of the system, the cooling load profile will not be consistent throughout the active time. The model-based study by Lee et Al. found the peak cooling load could be reduced by as much as 30% during peak hours when a precooling strategy was implemented. Although the ideal scenario during peak hours would be a constant cooling load, the study noted that “The actual load profile was not flat due to imperfect building modeling and weather predictions” [9]. This variable cooling coil load profile is a primary characteristic of setpoint reset operation that needs to be addressed.
The demand reduction behavior has been defined by Motegi et Al. as two components, steady-state savings, and transient savings. The steady state savings are a result of less heat entering a zone once the temperature has increased. The transient savings are caused by the effects of the thermal mass and the control device dynamics. A conceptual diagram of the demand reduction, in which the zone temperature setpoint is increased from 72° to 75°F, was developed by Motegi et Al. is given as Figure 2‑1 [7]. It can be noted that the transient savings are a much greater magnitude than the steady state savings. However, the transient savings are diminished once the zone temperature reaches the adjusted setpoint in about 30 minutes, usually much shorter than required peak hours. Savings analogous to the steady state savings in this figure have been studied Roussac et Al. The standard operating setpoints were all increased by a specific amount resulting in a decrease in total energy consumption [25]. 
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[bookmark: _Ref76394159][bookmark: _Toc78963768]Figure 2‑1: Conceptual diagram of demand savings from temperature setpoint reset [7]
The load variation that occurs when the temperature reaches a new setpoint has been coined as “load rebound” by Candanedo et Al. This load variation is a result of the system dynamics. Once a new setpoint is initiated, the system will reduce cooling into the zone and the temperature will rise. The system must then act to stop the temperature rise and maintain the temperature at the new setpoint. If the temperature reaches the setpoint more quickly, the load variation is likely to be larger [26]. A load increase during a setpoint reset period was also observed by Cai et Al. A “demand restrike” or increase in peak demand after a setpoint reset reached magnitudes of up to 6.3% [10].
The cooling load can be reduced by increasing the zone temperature setpoints, but this strategy does not address all concerns. The cooling coil load is reduced but is not modulated precisely. The load is greatly reduced during the transient response. The steady state load during the setpoint reset operation is still reduced from standard operation but is not constant and can be affected by external factors. For example, Increased occupancy could cause the load to rise beyond desired levels. The cooling load should be precisely maintained while still allowing some level of prioritization between zones.
[bookmark: _Toc76650785][bookmark: _Toc76651474][bookmark: _Toc76655022][bookmark: _Toc76655071][bookmark: _Toc76655120][bookmark: _Toc76655169][bookmark: _Toc76655584][bookmark: _Toc76720131][bookmark: _Toc76720180][bookmark: _Toc76720390][bookmark: _Toc78963730]Closing remarks
Temperature setpoint adjustment is a valid method of reducing the cooling coil load but has some important characteristics. It is a widely applicable strategy, and a simple, rule-based approach can be implemented on most building automation systems with little effort. A temperature reset in each zone specifically can be scheduled by the building manager on most systems, which allows for some level of temperature prioritization between zones.  Methods that are not rule-based are generally much more difficult to implement. They often require model calibration from the user and/or time to train certain parameters. With most control methods, the cooling coil load will not be constant. There is a load variation as the temperatures reach the adjusted setpoint and load variation due to dynamics in the zone load. For example, there may be changes in internal gain due to occupancy or more heat may enter through the envelope due to changes in cloud cover. Therefore, there is a need for a load shedding method that can quickly and precisely control the amount of load to be reduced while maintaining maximum comfort for critical zones by effectively redistributing the limited resources.







[bookmark: _Toc78963731]Identification of System and Operating Parameters

Topics in this chapter will include identifying the relevant components in the HVAC and building energy systems and how these systems operate. The system operations in question range from the thermal zone up to the air handling unit and chiller. The primary focus will be the operation and modeling of the system and components under normal operation. Normal operation is defined as such that the system will operate within its bounds and prioritize human comfort. 
[bookmark: _Toc78963732]Overview of Thermal Systems in Buildings 
First, the role of the thermal zone must be understood. The thermal zone in regard to the building comfort system is an area that is heated or cooled to maintain comfort or other environmental factors. Generally, this will be a room or rooms that are occupied by people. Other spaces could be heated and cooled as well, such as server rooms, green houses, or any area that requires temperature and humidity control. In order to maintain comfort, the HVAC system must be able to remove the heat and water vapor entering the zone. 
The largest environmental factor affecting human comfort in the thermal zone is the temperature. The humidity in the zone must also be considered but is often treated as a secondary concern for human comfort. Eight common sources of heat gain into a thermal zone are marked in Figure 3‑1. The heat transfer into the zone will be distinguished as heat passing through the envelope and heat from internal gains in the zone. Heat through the envelope, from electronics, lighting, and people provide sensible heat to the zone. This heat will result in a temperature increase to some extent. Latent heat will be introduced into the zone by people as they exhale water vapor and by infiltration to some extent [13]. 
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[bookmark: _Ref71818003][bookmark: _Ref71817993][bookmark: _Toc78963769]Figure 3‑1: Sources of heat gain in thermal zone [13]
Heat entering into the zone through the envelope has three heat transfer modes. Heat can enter the zone by conduction combined with convection through the solid components and by radiation through the windows. Each of these can vary drastically between different buildings and are greatly affected by the building materials and even slightly by the desired conditions. For example, increasing the insulation in the walls and ceiling will reduce the amount of heat transferred through the envelope. Building with bricks instead of wood frame and siding will change the thermal capacitance and shift the thermal load. Increasing the room temperature would reduce the heat transfer into the zone because of a smaller temperature difference driving that heat transfer. The heat transfer into the zone will be affected by many factors leading to somewhat unique operation between buildings [13, 27]. 
Heat transfer into the zone can also occur due to internal gains. Convective effects of internal gains will result in heat being directly transferred into the zone from the source. For example, a 1 kW heater in a room would add nearly the entire kilowatt directly to the air in that room. Aside from heat transfer into the air through convection, thermal capacitance and radiation can also be considered. When a light is turned on, some heat directly enters the air through convection. The rest of the heat will enter the environment through radiation and be slowly released into the air over time. 
Heat from all internal sources may either be sensible or latent. Common sources of sensible heat include lighting, electronics, and even sedentary people at an approximate rate of 250 Btu/hr. These heat sources will raise the temperature and enthalpy of the air without affecting the humidity in the zone. Other sources will be latent heat as from people, humidifiers, or anything increasing the humidity. Sedentary people like those working in an office generate latent heat at a rate of 200 Btu/hr [27]. Latent heat sources will increase the enthalpy of the air by increasing the humidity. All of the heat transferred into the zone must be removed by supplying cool, dry air in order to maintain the comfort conditions in the room.
A combination of experimental tests and simulation have been used to understand the behavior of the system. In the following subsections in Chapter 3, the component model of the thermal system for this research will be introduced.
[bookmark: _Toc76404444][bookmark: _Toc76462286][bookmark: _Toc76464340][bookmark: _Toc76468442][bookmark: _Toc76468592][bookmark: _Toc76468904][bookmark: _Toc76469141][bookmark: _Toc76469698][bookmark: _Toc76471280][bookmark: _Toc76482231][bookmark: _Toc76483952][bookmark: _Toc76484056][bookmark: _Toc76556945][bookmark: _Toc76557699][bookmark: _Toc76558932][bookmark: _Toc76559087][bookmark: _Toc76559242][bookmark: _Toc76559539][bookmark: _Toc76561295][bookmark: _Toc76575447][bookmark: _Toc76575600][bookmark: _Toc76575682][bookmark: _Toc78963733]Operation of Air-Handling Unit and Terminal Devices
The air handling unit is a complex system that must meet numerous objectives. The most basic requirement of the AHU can be reduced to its main function. The AHU must provide cool, dry air to all of the zones. Multiple other requirements arise to meet this function. A basic air handling unit diagram is given as Figure 3‑2, which is used to illustrate the main components in common AHUs. Figure 3‑2 will be used to briefly introduce the main parts of the AHU. Moving from left to right on the diagram, the first components seen are the inlets and dampers for outdoor air and return air. Next is the filtering section and preheat coil. Lastly, the cooling coil and supply air fan are reached, which are the final components in the AHU before the supply air is routed through ducts and terminal boxes to all of the thermal zones served by the AHU. 
A simplified sequence of operations of the AHU can be viewed in the same order. Air is brought into the AHU from both the return air and the outdoor air.  The ratio of each is controlled by modulating the return air (RA) damper and outdoor air (OA) damper positions. The outdoor air and return air are mixed in the mixing chamber. Next, the air is filtered before reaching any heat exchangers or other equipment that could be damaged by air contaminants. The preheat coil is used to bring the air into safe operating conditions during periods of extreme cold weather. The cooling coil is used to bring the supply air (SA) to the desired conditions, typically at 55 degrees Fahrenheit. This are temperature is modulated through the use of a chiller water control valve. The position of this valve affects the chiller water flow rate, which will then affect the supply air temperature. Lastly, in draw-through AHUs, the supply air fan provides the pressure difference to drive the airflow.
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[bookmark: _Ref76421767][bookmark: _Ref72321401][bookmark: _Toc78963770]Figure 3‑2: Basic air handling unit diagram
The operation of the outdoor air damper and return air damper can become a very in-depth topic in some circumstances. The most significant reason that outdoor air is required is to preserve the indoor air quality (IAQ) by diluting the polluted air with fresh, outdoor air. The outdoor air requirements for reasons of IAQ are dictated by ASHRAE 62.1. The pollutants are primarily those which present health risks to humans such as carbon dioxide and volatile organic compounds (VOCs). The introduction of outdoor air into the system can also be used to pressurize the building. Slight building pressurization reduces infiltration of hot humid air from outside. Generally speaking, the outdoor airflow rate will be at the minimum during cooling season. The temperature and enthalpy of the outdoor air are usually higher than that of the return air, so a higher outdoor airflow rate would result in more energy into the system that would need to be removed by the cooling coil. The other scenario is economizer operation in which the outdoor airflow rate is increased or even used completely when the OA enthalpy is less than that of the return air. All experiments were conducted during cooling season when economizer operation would not be a factor. 
Next, the filter and preheat coil are reached. The function of the filter is intuitive but very important. The filter will remove particulate matter from the air before reaching other components that could be damaged. These contaminants are primarily dust particles that would otherwise get caught in the heat exchangers. If too much contamination were to build up on a heat exchanger, known as fowling, the effectiveness would be greatly reduced [28]. Filter quality can vary widely even to the point of particles down to the size of airborne viruses. There is, however, a tradeoff. A filter that is capable of removing smaller particles may result in a larger pressure drop [29]. A filter that capable of removing small contaminants will need to be replaced on a regular basis. If the filter is heavily contaminated, the fan operation may be impacted significantly [30].
The basic function of the preheat coil is to increase the temperature of the filtered mixing air so that downstream components are not damaged. This is primarily only used during periods of extremely cold outdoor air temperature where the cold air could cause freezing or damage to the cooling coil.
The air then reaches the cooling coil, which is responsible for cooling the hot, humid mixing air to supply air conditions. The operation may be fully dry cooling in which temperature is reduced and no moisture is removed from the air or have wet cooling that reduces temperature and humidity. The controlled variable is the supply air temperature. Regardless of wet cooling or dry cooling the supply air temperature is maintained at 55° Fahrenheit. The temperature is maintained through the use of a PID control loop with the chiller water control valve. Simply put, if the measured supply air temperature is higher than the setpoint, then the controller will signal the valve to open. If the measured supply air temperature is lower than the setpoint, then the controller will signal the chiller water valve to close.
Finally, the supply air fan provides the pressure rise that moves the supply airflow. Supply air fans may run at a constant speed or a variable speed through the use of a VFD. On a variable speed system, the actual fan speed is controlled based on the duct static pressure. This duct static pressure is measured a distance downstream, usually two-thirds of the of the distance to the furthest terminal box. Maintaining a positive duct static pressure downstream ensures that there will be ample airflow for all zones. In variable air volume (VAV) systems, such as in the engineering lab, the airflow rate into each zone is modulated by a damper in the terminal box. This damper position is used to maintain the zone air temperature at the setpoint by utilizing another PID control loop [27]. 
[bookmark: _Toc78963734]Experimental Test Bed
All experiments were conducted on the same test building. The test unit is a portion of the Engineering Laboratory Building on the University of Oklahoma – Norman Campus. The portion of the building used for experiments is served by one AHU and consists of seven thermal zones. The building is comprised of both interior and exterior zones, resulting in a wider range of operating conditions. The building zones are also served by terminal boxes of multiple sizes with unique maximum airflow rates. A floorplan layout of the experimental zones in the Engineering Laboratory building are given as Figure 3‑3. 
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[bookmark: _Ref72243940][bookmark: _Toc78963771]Figure 3‑3: Engineering Laboratory building floorplan
The University of Oklahoma Norman Campus is located in the International Energy Conservation Code (IECC) climate zone 3A [31]. The United States climate zones are shown in Figure 3‑4. This indicates that the test building is in a climate zone with a consistent cooling season. The abundant cooling season allows for more opportunity or experiments.
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[bookmark: _Ref72320169][bookmark: _Toc78963772]Figure 3‑4: IECC United States climate zone map
The test building is served by two air handling units, but experiments are only conducted on the portion of the building served by one AHU. This section of the building contains seven thermal zones, labeled A through G on Figure 3‑5. The thermal zones in the experimental area offer a range of operating conditions. There are interior zones and those with at least one exterior wall. The exterior zones also do not all share the same direction. For example, zone C has a north facing exterior wall, and zones G and F have a west facing exterior wall. There are multiple, unique thermal zones in the experimental test building to offer a range of operating conditions.
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[bookmark: _Ref73627171][bookmark: _Toc78963773]Figure 3‑5: Engineering Lab Building Layout
The seven thermal zones are served by an 8-ton, single duct AHU. The air is cooled through the use of a chilled water cooling coil. Chiller water is provided to the AHU from a central chiller plant. The supply air temperature is maintained by modulating the chiller water flowrate through the use of an electronically actuated control valve. On the air side, the supply air fan speed is adjusted by a PI control loop to maintain the duct static pressure. The supply air fan speed is regulated through the use of a variable frequency drive (VFD). This air handling unit can be seen in Figure 3‑6. Certain components important to this work are highlighted in the figure. The cooling coil location and chiller water control valve are marked by blue. The supply air fan location is in the AHU section behind the red circle. The green area marks the air mixing chamber, where the return air and outdoor air meet before entering the rest of the AHU.
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[bookmark: _Ref74738955][bookmark: _Toc78963774]Figure 3‑6: AHU used for Experiments
The Building Automation System (BAS) uses Invensys software and hardware. All control processes are completed by a set of Schneider MNL-800 controllers. These controllers allow for some flexibility in the control sequence but are still representative of the limitations of most commercial systems. They are capable of basic mathematics, feedback loops, scheduling, and other simple operations [32]. These controllers are not capable of some complex calculations or algorithms that are at the forefront of some research areas. The system records and archives most data points at one-minute increments. Additional data loggers were installed for all tests conducted to measure necessary data at a rate of one sample per second. The control system hardware can be seen in Figure 3‑7 and Figure 3‑8. The controller in Figure 3‑8 was installed to conduct experiments on the system without the need to continuously update the program on the primary controllers. It also allowed for controls to be implemented where inputs would otherwise be separated.
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[bookmark: _Ref74742931][bookmark: _Toc78963775]Figure 3‑7: Building Automation System
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[bookmark: _Ref74742933][bookmark: _Toc78963776]Figure 3‑8: Additional Building Automation System MNL800 Controller



Most measurements were taken from sensors and meters that were already in place for system operation. For example, the supply air temperature is already measured by the system and is used as the input to the PI loop that controls the chiller water valve. This decision was made so that the recorded values were the same as the values being used by the control loops. If additional sensors were to be added, there may be some bias or offset between recorded values and control input values. 
The only major component that needed to be installed was the chiller water flow meter. The output of this meter was still shared by the control software and the data logger. Due to certain system constraints, the flow meter had to be noninvasive. The system could not be shut down and disassembled to install an in-line flow meter. For this reason, an ultrasonic flow meter was chosen. The ultrasonic flowmeter is installed on the outside of a rigid pipe and does not require any system downtime. The flow meter setup used for these experiments can be seen in Figure 3‑9 and Figure 3‑10.
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[bookmark: _Ref74745857][bookmark: _Toc78963777]Figure 3‑9: Ultrasonic flowmeter
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[bookmark: _Ref74745858][bookmark: _Toc78963778]Figure 3‑10: Ultrasonic flowmeter transducer setup



One of the main downsides of ultrasonic flow meters is that they can be inherently susceptible to noise. In order to combat the effects of this noise, a type of digital filter in the control software was used. The filter process can be seen in Equation 3.1. This essentially reduces the amount that a measured variable can change between measurements. This strategy removes most noise that could decrease the stability of the control loop while maintaining a reasonable approximation of the measured value. 

The other concern with ultrasonic flowmeters is that the accuracy is reduced at very low flow velocities. This concern could be neglected because the experiments were conducted cooling season when the chiller water flowrate was high. 
Experimental tests are crucial but bring about certain limitations. There are many factors in experiments that cannot be controlled. For example, the outdoor air temperature cannot be adjusted to be constant or to follow a perfect pattern. This brings about the need for a reliable model in which many unique scenarios can be tested. A certain control strategy may show promise during a hot summer day, but is it still beneficial on a mild summer day? It is also important to recognize that the experiments and simulated results can be used to build off each other. Creating and using a model is necessary and complementary to the observations made through experimentation.
[bookmark: _Toc78963735]System Modeling
Alongside experimental work, modeling and simulation were used to verify and improve the results. The simulation environment was built up using primarily physics-based models. The choice to build custom models instead utilizing a commercially available software was made largely due to the lack of certain freedoms in the commercial software. Most dynamics of the physical systems can be represented very well by sets of ordinary differential equations (ODEs). Representing the system through sets of ODEs also allows for robust solutions.
The first set of models to discuss will be for the thermal zone and envelope. Modeling these are crucial to creating behavior similar to a real system. Before going into the details of the specific modeling technique used, it is important understand how the system behaves and how the model is expected to behave. The boundaries and scope of the system must also be well defined. For example, when considering the thermal zone, do we only care about the air in the zone? Do we treat the zone and envelope as a control volume? one important behavior that needs to be captured is the effects of the outdoor air temperature on the envelope and the air in the zone. It must also be known how air conditioning and internal gains affect the behavior of the zone and envelope.
The 3R2C (3-Resistor-2-capacitor) modeling technique was used to represent the envelope plus a 1R1C model to represent the thermal zone [33]. This method relies on the heat transfer concept of the thermal circuit. The thermal circuit is used to relate the transfer of heat directly to electrical circuits. This allows many of the same solution techniques of electrical circuits to be used for the thermal zone and envelope model. Steady state results could be determined by implementing a thermal circuit with only resistance. Since the major concern of this work relies on the building dynamics, capacitors are incorporated into the thermal circuit. It is known that some heat transfer in the building will be stored in the envelope, and some will result in a direct temperature change.
An electrical circuit will be used to introduce the concepts necessary to solve the analogous thermal circuit. The dynamic behavior that we expect to see in a thermal zone will be represented by an R-C circuit. Direct correlations can be drawn between components and variables in electrical circuits and in thermal circuits. If heat transfer via conduction is considered, given by Fourier’s Law in Equation 3.2 with definitions in Table 3‑1, it can be asserted that the temperature difference is the driving force of heat transfer [34]. The temperature difference is analogous to the voltage (V) difference in an electrical circuit which is the driving force of the current (I). The thermal resistance is equivalent to electrical resistance as both impede the “flow” of heat or electrical current. The final analogous components are the thermal capacitance of the building and electrical capacitors. Capacitors in both the electrical and thermal circuits represent an energy storage component that introduce thermal inertia dynamics into the results.


[bookmark: _Ref76482971][bookmark: _Toc78963818]Table 3‑1: Conduction heat flux variable definitions
	Parameter
	Description

	
	Heat flux

	k
	Thermal Conductivity

	
	Temperature Gradient


Again, from Fourier’s Law, it can be noted that the temperature difference or temperature gradient is the driving force of the heat transfer. From this, it can be asserted that a larger temperature difference, with all other factors kept constant, will result in a greater heat transfer rate. A steady state thermal circuit is given by Figure 3‑11. It can be seen in this circuit that there are three resistors and no capacitors. This implies that the heat transfer is in steady state because heat cannot be stored in this system. If heat moves from left to right, when T1 is greater than T4, the heat transfer rate must be the same at all points. The heat flowing through R1 must be the same as the heat flowing through R2 and R3. Since the resistors cannot store energy, it also follows that the heat entering one resistor must be the same as the heat exiting that same resistor. This observation can be equated to Kirchhoff’s Current Law in Electrical circuits which states that, “the algebraic sum of all the currents at any node in a circuit equals zero.” [35] With this relationship, we can solve for the heat transfer rate or unknown temperatures using the techniques derived from Ohm’s Law in electrical circuits. The equations that represent this system are shown by Equations 3.3-3.5. 


[bookmark: _Ref72934391][bookmark: _Toc78963779]Figure 3‑11: Steady state thermal circuit




For example, if T1, T4, and the resistance values are known, the heat transfer rate could be calculated. This could then be used to calculate the temperatures T2 and T3. This calculation is demonstrated below in Equations 3.6-3.9. While parts of this solution may seem trivial, it is valuable to recognize how techniques generally used in electrical circuit solutions can be utilized for thermal circuits. If this thermal circuit were to be used to represent a building wall with known materials, then the heat transfer and temperature gradient through the wall could be calculated.





The resistance in a thermal circuit can also be correlated to resistance in electrical circuits. In an electrical circuit, “resistance is the capacity of materials to impede the flow of current or … the flow of electric charge” [35]. In the analogous thermal circuit, the thermal resistance can be viewed as the capacity of the material to resist heat transfer. The thermal resistance for 1-D heat transfer per unit area due to conduction through an isotropic material can be calculated using the relationship given by Equation 3.11, where Δx is the material thickness and k is the material thermal conductivity. Due to the relationship between the thermal resistance and heat transfer, a couple of notable conclusions can be made [34]. As thermal conductivity increases, thermal resistance decreases and heat transfer increases. As the material thickness increases, the resistance also increases. This resistance value is dependent on the material and the geometry but can be a major consideration in building design. For example, if the insulation material in a building can be replaced with a material where the conductivity is reduced, then the heat transfer through the envelope will also be reduced.

The final major component introduced into the model of the envelope and zone is the capacitor. A capacitor in electrical circuits is a component that is able to store electrical charge, which is crucial to modeling the behavior of the physical system. Figure 3‑12 is a diagram of a simple RC circuit that is equivalent to the 1R1C model used for the thermal circuit. Incorporating the capacitor into the circuit allows for the time response of the system to be viewed. Thermal capacitance behaves in the same way, except by storing heat instead of electrical charge. From the simple RC circuit, if we know certain values, then the other values can be calculated using techniques derived from Kirchhoff’s Laws. For example, if V1, R1, and C1 are known, then V2 can be calculated. 


[bookmark: _Ref72847340][bookmark: _Toc78963780]Figure 3‑12: Electrical RC circuit diagram
Again, the voltage in the electrical circuit is analogous to temperature, electrical resistance to thermal resistance, and now the electrical capacitor is related thermal capacitance in the system. The thermal capacitance is based on the material density and specific heat and can be calculated using Equation 3.11. It is introduced to represent the temperature dynamics of a specific node [36]. In a way, the thermal capacitance represents the node’s resistance to temperature change for a given heat input. This behavior can be broken down by observing example units of thermal capacitance such as Btu per Fahrenheit (Btu/F) or Joules per Kelvin (J/K). Simply put, the thermal capacitance is the amount of heat required to raise the temperature of that node or section by a specific amount. So, a mass with a larger thermal capacitance will require more heat transfer before the temperature significantly changes.

Since the thermal parameters (temperature, thermal resistance, etc.) have been directly correlated to their electrical counterparts, the circuit can be solved. The thermal 1R1C model could represent some mass with heat being transferred into it from a surrounding fluid of known temperature. if the temperature of the mass is desired, then it can be determined from the surrounding temperature, resistance, and capacitance. One major assumption made in this step is that for a given capacitance, the temperature is the same throughout. Therefore, the temperature of some mass represented by a capacitor will be more of an average temperature through the mass. To solve for V2, or the temperature of the example mass, the first step will involve Kirchhoff’s Voltage Law (KVL). KVL states, “The algebraic sum of all the voltages around any closed path in a circuit equals zero.” [35] it can be noted that there are two loops in this circuit, as indicated by Figure 3‑13.


[bookmark: _Ref73013285][bookmark: _Toc78963781]Figure 3‑13: RC circuit, current pathways identified
Based on the two loops for current to flow through, two sets of equations can be derived to represent the voltage for each component.


This formulation is true, but it does not give us much information and more unknown parameters. The only voltage that is known from the beginning is V1. Using Ohm’s law, the voltage across the resistor R1 can be determined in terms of current and resistance. It is known that the voltage across the capacitor C1 is equal to V2, where V2 is the value to be solved for. 




This is slightly better because we likely know the resistance value, but there is now a new unknown parameter. This reformulation introduces the current through the resistor as a new unknown to be calculated for. This may seem to be moving away from desired value can be approached by using KCL. Current cannot flow through the path of V2 because it is open, thus the relationship of Equation 3.19 can be asserted.


The current through the capacitor can be determine based on the capacitance and the rate of change of the voltage. This is the point at which dynamics are truly introduced into the solution. The current through the capacitor, more accurately the displacement current, can be calculated from Equation 3.20.

With the current now expressed as known parameters, V2 can be solved for.

This is not technically an exact solution but is the ordinary differential form of the RC circuit. However, it shows how the dynamics are introduced into the system by the capacitors to store charge or the thermal capacitance to store heat. An exact solution for this simple system can be calculated, but for more complex systems, numerical solutions will prove necessary. Before getting into the techniques used for the complex system, this system will be reformulated as a thermal circuit given by Figure 3‑14.


[bookmark: _Ref73020567][bookmark: _Toc78963782]Figure 3‑14: 1R1C Thermal Circuit
To reiterate, voltage is equivalent to temperature, resistance to thermal resistance, electrical capacitance to thermal capacitance, and electrical current to heat transfer rate. Therefore, the temperature at node T2 can be determined from Equations 3.22 and 3.23.


This formulation gives us an understanding of how the temperature T2 will behave with time. As a type of reality check, the behavior under different conditions should be considered. If T1 is greater than T2, then  will be positive, indicating that the temperature T2 will increase. This is exactly what is expected from a physical system. The heat will flow from the point of higher temperature to the point of lower temperature. The temperature at the lower point will also increase as heat transfer into the node occurs. Additionally, if the resistance R1 increases, the rate of temperature change at T2 will decrease. This is expected too as the resistance will affect the heat transfer rate into the node which slows the rate that the temperature will increase. Lastly, the capacitance of the node affects how quickly the temperature will change. If the mass or specific heat is greater, then temperature will change more slowly.
[bookmark: _Toc78963736]Thermal Zone Modeling using 3R3C Technique
The thermal system of a building envelope and thermal zone is much more complicated than what can be represented by a simple RC circuit (1R1C). Therefore, a suitable model for each must be used. It is necessary to first know what is needed from the model. An incredibly complex model that yields very precise results could be used to represent the system, but this complexity comes at a cost. The system must be solvable and capture the most important behaviors. When modelling the thermal zone, the average air temperature is crucial to calculate. The air temperature is how the airflow through the terminal box is controlled and is crucial for human comfort. For this study, the air temperature is arguably the most important factor calculate, but in order to do this, the status of the envelope must also be known. 
In order to determine heat transfer between the wall and the air in the zone, the convection coefficient and temperature difference must be known. The temperature difference here that matters is the difference between the bulk air temperature and the interior wall surface temperature. This same requirement can be said about the exterior wall. It can be asserted that in order to calculate the air temperature dynamics in the zone, the heat entering the zone must be known. In order to know the heat entering the zone through the envelope, the heat transfer rate through the wall must be known. To know the heat transfer rate through the wall caused by the temperature difference, both of the surface temperatures should be known.
Since the thermal capacitance is used to introduce the temperature dynamics, there should be three capacitors in the thermal circuit. One capacitor is needed for the zone air temperature, one for the interior surface temperature, and one for the exterior surface temperature. additionally, it is known that there is some impedance to heat transfer in the system. Heat does not flow freely at an infinitely large rate. There should be thermal resistance to convection between the zone air and interior wall surface. This is also true for the outdoor air and exterior wall surface [36, 33]. There should also be resistance to conduction through the wall. Most structures are not made out of a single material so the thermal resistance in the wall may vary, but the total resistance can be calculated and used because the temperature of the inside of the wall is not a consideration. The model that meets all of these criteria is given below by Figure 3‑15 with notations in Table 3‑2.


[bookmark: _Ref73027360][bookmark: _Toc78963783]Figure 3‑15: 3R3C model
[bookmark: _Ref76401658][bookmark: _Toc78963819]Table 3‑2: 3R3C Variable Definitions
	Variable
	Description

	Tr
	Zone air temperature

	T,is
	Wall interior surface temperature

	To,s
	Wall exterior surface temperature

	Ri
	Interior surface convection resistance

	Rw
	Wall conduction resistance

	Ro
	exterior surface convection resistance

	Cr
	Zone air capacitance

	Ci,s
	Wall interior surface capacitance

	Co,s
	Wall exterior surface capacitance

	qc
	Direct heat transfer (due to heating or cooling)



It should be noted that the wall temperature is split into two sections, interior surface and exterior surface. Again, this so that the heat transfer between the wall and the surrounding air, either zone air or outdoor air, can be calculated for the system. One fundamental reason for this is that heat transfer in the system is not immediate. It takes time for the mass to heat up and reach equilibrium with the surrounding temperature. additionally, in a physical system, both surfaces of a wall would rarely be at the same temperature. This could happen in some circumstances but is unlikely, especially during cooling season.
There is also a term “qc” in the model formulation. This term represents heat directly added or removed from the air due to the convective effects of internal gains and the HVAC system. The term is critical to simulating the AC operation. It is known that the temperature is maintained in a zone (during cooling season) by supplying cool dry air. The sensible cooling rate is affected by the supply airflow rate into the zone and the difference between the supply air temperature and zone air temperature.
The complexity of this model has increased significantly from the 1R1C model and will require solving a set of equations. There should be one ordinary differential equation for each capacitor introduced into the model, three total for this model. The heat transfer rate at each node changes based on the temperature dynamics at that node and surrounding nodes. Nodes with a larger capacitance could prolong a higher heat transfer rate or be taken advantage of through techniques like precooling. The complexity also increases slightly due to the consideration of internal gains and cooling. Based on this revised model, the set of governing equations can be determined and are given by Equation 3.24.

The set of differential equations will be solved numerically. Since the system in this formulation is linear, a state-space model will be utilized. The set of Equations will be reorganized to be placed into state-space formulation in Equation 3.25. 

The standard state-space formulation is given by Equation 3.26, where  is the state variable or set of variables being solved for,  is the derivative of  with respect to time (equivalent to ), u is a single input or vector of inputs, and A and B are matrices that define the system. Equation 3.27 is the output Equation where y is the output of the system.


The state variables must be solved for. The inputs, given by u, are independent of the state variables in the system. In the case of this model, the input variables are outdoor air temperature and heat into the zone. Therefore, the state-space model can be developed as Equation 3.28.


The rate of cooling, as in kW or Btu/h, is not a directly controlled variable on physical systems. For residential systems, the controlled variable would be the AC status, either on or off. Thus, residential cooling often can be assumed to be a constant cooling rate. However, in a commercial system, this assumption would not be valid. The cooling rate will change on a VAV system, such as the system used by the experimental test bed, by adjusting the supply airflow rate into the zone. It is assumed that the supply air flow rate and return airflow rate for each zone are equal during operation. The mass of the air in the zone remains constant. Based on the energy balance and this assumption, the cooling rate can be determined by Equation 3.29. This can then be simplified further based on the volumetric flowrate of the supply air, given by Equation 3.30. This simplification was made because the volumetric flowrate, in cubic feet per minute (cfm), is measured on many systems.


This relationship can then be inserted back into the governing Equations, as given by Equation 3.31. This substitution makes the system nonlinear but allows for a variable cooling rate to be applied to the zone. This is a critical behavior because the supply airflow rate varies in many systems and most importantly on the experimental test bed.

The nonlinearity introduced through the cooling substitution inhibits solving the set of Equations using traditional linear techniques. However, since the system is solved numerically, it will still be represented by a state-space model. This new model is given by Equation 3.32. In a sense, the system will be linearized at each time step and then solved for that time step. At time step the A matrix and B matrix are each calculated based on the current operating conditions. 

The modeling parameters were chosen based on the properties of physical systems. The modeled consists of three thermal zones named as Zone A, Zone B, and Zone C. The zones are identical in size and structure. The thermal zones are 30’x30’x9’. no walls are shared between zones. So, each zone is surrounded by outdoor air.  The basic layout of the thermal zones is given by Figure 3‑16.


[bookmark: _Ref76721485][bookmark: _Ref76721481][bookmark: _Toc78963784]Figure 3‑16: Model of Thermal Zones
It is assumed that heat can transfer through all 4 walls, the floor, and the ceiling. Therefore, the area of the envelope for each zone is 2880 ft2. Based on the envelope area and structure materials, the thermal resistance can be calculated. The walls are composed of three layers. From the interior to exterior, the layers are drywall, lightweight fiberglass insulation, and brick. This structure can be seen in Figure 3‑17.


[bookmark: _Ref76721597][bookmark: _Toc78963785]Figure 3‑17: Envelope RC Model
The resistance and capacitance values can be determined using standard material properties, given in Table 3‑3 [27]. The thermal resistance for heat transfer through conduction is a function of the structure geometry and the conductivity. The thermal capacitance is a function of the mass and specific heat of the material. The mass of each component can be determined from the geometry and density. For example, the volume of the thermal zone 8100 ft3. The mass of the air can be calculated using the average density. 

[bookmark: _Ref76721545][bookmark: _Toc78963820]Table 3‑3: Model Envelope Materials
	Structure
	Cp
	Density
	Conductivity
	Thickness
	Resistance

	
	Btu/lbm-F
	lbm/ft3
	Btu-in/hr-ft2-F
	inch
	Ft2-f-hr/Btu

	Outside air resistance(A0)
	 
	 
	 
	 
	0.1255

	Brick (A2)
	0.22
	125
	9.24
	4
	 

	Insulation(B15)
	0.201
	5.7
	0.3
	6
	 

	Lightweight concrete (C14)
	0.2
	40
	1.2
	4
	 

	Inside air resistance(E0)
	 
	 
	 
	 
	0.687



The capacitance values must be separated in some way. It is known that there are two temperature dynamics that must be tracked, which are each represented by a capacitor. There are numerous ways that each capacitance value of the wall structure could be determined. One method is to determine the total capacitance of all components of the wall structure, then treat each capacitance as a fraction of the total. So, if there are two capacitors in the model, each will be half of the total capacitance. This method is generally better suited to a structure in which the materials have similar capacitance or density and specific heat values. 
The capacitance values of the wall for this model were calculated by separating the materials. The capacitor representing the interior portion was determined by the capacitance of only the lightweight concrete. The capacitor representing the exterior section of the wall was chosen to be the capacitance of both the brick layer and the insulation layer. The resistance and capacitance values used for the models are shown in Table 3‑4.
[bookmark: _Ref76721570][bookmark: _Toc78963821]Table 3‑4: Model RC Values
	Parameter
	Value

	Ri
	8.56 E-01 [F-s/Btu]

	Rw
	5.31 E-01 [F-s/Btu]

	Ro
	3.13 E-01 [F-s/Btu]

	Ci 
	7.68 E+03 [Btu/F]

	Co
	2.80 E+04 [Btu/F]

	Cr
	1.05 E+02 [Btu/F]



With the resistance and capacitance values determined, the system can be modeled. These values are used in both the state of the art model and models using the proposed control strategies. It is desired to see how the behavior of the system changes by adjusting control methods, not by changing the materials.
[bookmark: _Toc78963737]Modeling Terminal Box Operation
Moving up one layer from the thermal zone and envelope, the variable air volume operation of the terminal box is reached. Based on the last formulation of the thermal zone and envelope state-space model, the supply airflow rate into the zone has become increasingly important. The system is fairly complex like most systems in buildings but can be reduced down to the most important behaviors that need to be present.
The airflow rate into the zone, both on a physical system and in the model, is controlled through the use of a proportional-integral (PI) controller. This is a reference tracking controller based on the zone temperature. The goal is to reduce the error between the measured zone temperature and the zone setpoint. If the zone temperature is higher than the setpoint, then the terminal box damper will open further allowing more cold air into the zone. Conversely, if the zone temperature is lower than the setpoint, then the damper will close to reduce the airflow into the zone. The controller will continuously signal the terminal box to open and close to reduce the zone temperature error. 
One behavior that must be captured is the delay or lag in the damper operation. An improperly tuned controller could signal for the damper to rapidly open and close, but that does not necessarily mean the damper would fully open or close instantaneously. For example, the VAV actuators in the EL building have a drive time of 300 seconds. This means that it takes 5 minutes for the damper to move from the fully closed position to the fully open position. If the damper velocity is constant through its range, then the actual position of the damper can be represented by a first order system. A time constant of 60 seconds will be used for this system because it takes 5 time constants for a first order system to settle within 99.3% from a step response [37]. 
The airflow rate through the terminal box on a true system is complex and dependent on fluid principles. The exact behavior down to the level of airflow rate fluctuations due to pressure changes or slight variations in fan speed is not necessary. The important requirements are that the desired airflow rate based on the PI controller output is available and a realistic lag is place on this value to prevent the system dynamics from becoming unreasonably fast. The control diagram for this scenario is given by Figure 3‑18. In this, certain limitations are placed to increase the accuracy of the behavior. The output of the controller is saturated between the minimum value (30%) and the maximum (100%). This represents the minimum supply air flow rate as required by ASHRAE Standard 62 [38]. The gain of the first order transfer function represents the maximum flow rate into the zone, and the time constant is based on the actuator drive time.
 [image: ]
[bookmark: _Ref73458999][bookmark: _Toc78963786]Figure 3‑18: VAV Control Diagram
If Figure 3‑18 is followed from start to finish (left to right), the error is calculated based on the reference and zone temperature output from the state-space model. The PI controller uses this error to calculate a new output or desired airflow rate percentage. The desired airflow moves to the transfer function that outputs the actual airflow rate for the model. The plant is simplified in this diagram but represents the thermal zone and envelope. The new zone temperature is calculated, and the process starts over with a new error into the controller.
[bookmark: _Toc78963738]Modeling AHU operation
Following the air distribution, the air handling unit is the next layer up from the terminal box operation. The air handling unit as a whole introduces many complex operations but some are not relevant to this work. There are operations of two components in the AHU that must be captured by the model, the change in airflow rate caused by the supply air fan and the dynamics of the cooling coil and associated components. As seen in Figure 3‑2, many components aside from the cooling coil and supply air fan are required for true operation of the AHU. The main outcomes of this work will rely on the cooling coil load or the heat transfer rate of the cooling coil, so not all components are necessary to the model. The simulation period is assumed to be during cooling season so the preheat coil will not be used. It is also assumed that the conditions of the air entering the cooling coil are known. If all of these parameters are known, then the effects of the filter and RA/OA dampers are not necessary to calculate.
The supply air fan provides the driving force that moves cool, dry air to all of the zones. The fan in a physical system moves the air by providing a pressure rise that will overcome the pressure losses due to friction, fittings, and components like the terminal boxes. The objective of the model supply air fan is to meet the total desired airflow rate from all zones, as discussed in the terminal box operation section. The behavior that should be captured by the model is the delay of the actual supply airflow rate approaching the desired airflow rate. The terminal box desired flow rate increasing quickly that does not mean the supply air fan can adjust instantaneously. The actual supply air flow rate in the model is calculated by a PI controller with the reference as the total desired supply airflow rate from all zones.
A simplified supply air fan model was chosen to capture the relevant behavior with a reasonable level of complexity. High complexity supply air fan and air distribution models would require the calculations of the pressure changes throughout the system. The main behavior that needs to be captured in this study is how the supply air flowrate changes with respect to time and controller input. This was captured by using a PI controller and a first order transfer function. The input to the controller is the error between the current supply air flowrate and the total desired flowrate from all zones. The controller tuning creates dynamics like the physical system controller, and the transfer function introduces the delay in the fan speed and flowrate change. This control loop is given in Figure 3‑19.
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[bookmark: _Ref76301803][bookmark: _Toc78963787]Figure 3‑19: Supply Air Fan Model

The cooling coil operation is more complex to solve and capture the necessary behaviors. The basic function of the cooling coil is to remove heat from the mixing air so that the supply air reaches proper operating conditions. The supply air temperature is actually controlled by modulating the chiller water control valve. By adjusting the chiller water flow rate, the cooling coil heat transfer rate will change resulting in a change in supply air temperature. The behaviors that must be captured in the cooling coil model are that the exiting supply air and chiller water temperatures can be calculated, the heat transfer rate is affected by the flow rate of both the chiller water and supply air, and each part of the heat exchanger has some thermal dynamics. For example, on a given cooling coil, increasing the chiller water flowrate while keeping all other parameters constant would decrease the exiting air temperature. This exiting air temperature change would not be instantaneous. It will take a small amount of time for the heat exchanger surface temperature to change and time for the air temperature in the final section of the coil to change.
Again, the most important outcome of the cooling coil model is to understand the load behavior over the simulation time. the actual magnitude of the cooling coil load is useful, but even more important is how this load changes as other factors change. How does the cooling coil load change as supply airflow rate increases? Even deeper, how does the cooling coil load change as outdoor air temperature changes or as the zone temperature setpoint is adjusted? Due to the considerations listed, the cooling coil model is discretized and in dry cooling operation.
The basic framework of the cooling coil model can be viewed similarly to the 3R3C model used for the thermal zone and envelope. An overly simplified version in which the cooling coil is treated as only one discrete section is given by Figure 3‑20 to introduce the basic concepts. In this cooling coil, there are two or three points of interest in which the temperature is desired. The temperature of the water leaving the coil, the temperature of the air, and the cooling coil surface temperature. The entering conditions of both the air and the chiller water are known in this model.
From heat exchanger operation and drawing from Figure 3‑20, certain broad assertions can be made. In an air-to-water heat exchanger in operation, there is some heat transfer due to convection between the water and the material of the actual heat exchanger. There is also some heat transfer due to convection between the heat exchanger material and the air. The heat transfer pathway is represented by the resistors. There is some flow of the fluids in the heat exchanger. It is an open system with mass entering and exiting the control volume. Again, the temperature at each node does not change instantaneously, represented by a capacitor. The total heat transfer rate will change as the flow rate of either fluid changes. The heat transfer rate changes both due to the mass flow rate fluctuating directly and because the convection coefficient will change as the fluid velocity changes. The basic formulation of this cooling coil model is based on the discrete model proposed by Zhou [39]. The chiller water and coil are each represented by differential equations, but the resistance value is determined in a different way.
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[bookmark: _Ref73542857][bookmark: _Toc78963788]Figure 3‑20: single node cooling coil thermal circuit
The dynamics of this cooling coil can be represented by a set of differential Equations much like the thermal zone and envelope. The governing equations for this single node cooling coil are given by Equations 3.33, where variable descriptions are given in Table 3‑5.

[bookmark: _Ref73544913][bookmark: _Toc78963822]Table 3‑5: cooling coil model variable descriptions
	Variable
	Description

	Tw, in
	Water inlet temperature

	Tw
	Bulk water temperature (assumed to be exiting temperature)

	Tc
	Coil temperature

	Ta
	Air temperature (assumed to be exiting temperature)

	Ta,in
	Air inlet temperature

	Rw
	Water side resistance

	Ra
	Air side resistance

	Cw
	Water capacitance

	Cc
	Coil capacitance

	Ca
	Air capacitance



A simple reality check can be conducted based on these governing equations. Looking at the equation for water temperature, if the coil temperature is higher than the water temperature, then the exiting water temperature will increase due to the convection, as expected. If the mass flow rate of the water increases and Tw,in is less than Tw, then the exiting water temperature will decrease. More cold water entering the system with other parameters held constant should decrease the exiting the water temperature. The same observations can be made about the air side node. Heat transfer to and from the cooling coil material is only due to convection, which is expected because that mass does not change. 
The resistance which represents convection in the model is expected to change as fluid velocity changes. This fluid velocity will change as the mass flowrate or volumetric flowrate changes. On a system with a constant cross-sectional area, the fluid velocity will change linearly with mass and volumetric flowrates. The relationship between volumetric and mass flow rates and fluid velocity are given by Equations 3.34 and 3.35.


The basic idea of how these resistance values will be determined is to calculate the resistance values at some known conditions, then adjust the resistance based on the fluid velocity. Dimensions and heat exchanger effectiveness at known conditions for the model are based on cooling coil in the experimental test building. It is an 8-ton cooling coil and with a design chiller water temperature difference of 12° F. The initial resistance values are calculated from the design conditions of this cooling coil. The resistance due to convection is the inverse of the convection coefficient as given by Equation 3.36.

The convection coefficient can be corrected based on an understanding of the Nusselt number for a particular heat exchanger. The relationship between the Nusselt number and convection coefficient is given by the following Equations 3.37 and 3.38.


The chiller water in the cooling coil flows through a series of tubes. During cooling season, when the cooling coil load is high, the chiller water flow will likely be turbulent. This due to the higher water flow rate required during high cooling periods and the small diameter of the tubes. Based on this assumption, the Dittus-Boelter Equation given by Equation 3.39 can be used to calculate the Nusselt number for the chiller water [34].

The convection coefficient correlation for the airflow side can be determined through Equation 3.40, which is the Nusselt number correlation for a flow across a bank of tubes [34].

Since the convection coefficient values at design conditions are already known, these correlations will be used to correct the resistance values. The convection coefficient for the water side is corrected by comparing the Nusselt number at current conditions to that at design conditions. The relationship is given in the following Equation 3.41, where Nu is the current Nusselt number and Nu’ is at design conditions.

The correction of the convection coefficient can be reduced to terms of only the fluid velocity. Since the cross-sectional area in the tube is constant over time, the relationship can also be made in terms of the flowrate. This can be useful in comparing the model to a physical system as many design values are in terms of the flowrate, not velocity. Additionally, the Prandtl number will cancel out in the correction because it is based on the fluid material properties. The corrected resistance value ‘R’ for the chiller water side convection can then be determined by Equation 3.42.

The air side resistance can also be corrected with the appropriate correlation, given by Equations 3.43 and 3.44.


A basic model of the cooling coil has been introduced including a method to correct the resistance values, but there has been a major simplification. Treating the cooling coil as one node will force the temperature difference driving the heat transfer to either use the entering or exiting temperatures of the fluids. This is a poor assumption because the temperature difference would not be consistent across the entire coil. For example, a parallel flow heat exchanger would have the greatest temperature difference where both fluids enter and the smallest temperature difference at the exiting location. The temperature difference that causes heat transfer is not the same at every location.
The assumption that the cooling coil can be represented by a single section will significantly impact the accuracy and behavior of the model. The cooling coil model will be discretized into multiple sections to provide a range of temperatures and increase the accuracy of the solution. The cooling coil will be split into ‘N’ discrete sections. The coil will be treated as a counter flow heat exchanger, where fluids enter from opposite nodes or sections. The chiller water will enter through the first node and exits from node ‘N’. The air moves in the opposite direction, entering node ‘N’ and exiting from the first node. The discretized cooling coil model is shown as Figure 3‑21. In this figure, the discrete sections range from 1 to ‘N’ with section ‘i’ being the index for all sections in between. 
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[bookmark: _Ref73618538][bookmark: _Toc78963789]Figure 3‑21: Discretized cooling coil diagram
 This formulation of the cooling coil allows for a range of temperature differences to be incorporated into the model. This allows for unique heat transfer rates to be calculated based on the temperatures of each fluid at each node. The desired outcome of this model is to be able to determine the exiting temperatures of each fluid, air and chiller water, and to determine the total heat transfer rate or cooling coil load. The exiting fluid temperatures are considered to be equivalent to the fluid temperature at the final node before the fluid exits. So, the exiting chiller water temperature is Tw,n and the supply air temperature is Ta,1. This system is represented by Equations 3.45-3.47., shown below. 






This formulation is easily scalable to reach the desired level of accuracy. The coil could be split into any number of nodes. Overall, more nodes will increase the accuracy of the model, but that comes at a computational cost. Each section has a set of three equations that must be solved. The A matrix representing this coil will be of size [3n x 3n] where n is the number of sections in the coil. The solution for this work requires enough accuracy that operational changes are verifiable and can be captured. The coil has been separated into ten sections for this simulation. 
The cooling coil is the final major component that needs to be modeled so that the simulated behaviors represent the physical system. The complete system behavior can now be captured with acceptable models of necessary components and subsystems.
The cooling coil was separated into ten sections to introduce a sufficient temperature distribution. The resistance values were chosen such that the supply air temperature could be maintained at peak load conditions with a chiller water flowrate of 12 gallons per minute. Additionally, the resistance values were set so that the chiller water temperature difference across the cooling coil at design conditions was 12°F. The material parameters were chosen so that the simulated cooling coil had similar characteristics to a physical coil of the same size. These range from the total mass of chiller water in the coil to the material of the coil being aluminum.
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The primary desired objective is to reduce and control the cooling coil load in a predictable and repeatable way. This could be done for multiple reasons such as to reduce the cost effects of peak hours or time of use (TOU) rates. First, the state of the art method and necessary background information will be introduced. If one wishes to reduce the cooling load in a zone, then the heat entering the zone must be reduced. This could be accomplished in multiple ways. The most obvious may be to reduce internal gains in the zone. However, this may not be possible in many circumstances. If an office building is considered, the internal gains could come from computers, lighting, and people among other sources. These heat sources cannot just be removed while routine office work continues. The people need to be able to see and work. The heat entering the zone through the envelope must also be considered. Based on 3R2C envelope model or the physical system is considered, it is known that the temperature difference between the zone air and outdoor air is the driving force behind heat transfer through the envelope. Unfortunately, the outdoor air temperature is not something that can be controlled. However, the zone air temperature can be controlled by adjusting the zone air temperature setpoint. During cooling season, this reduced temperature difference will result in a lower heat transfer rate through the envelope.
The cooling loads in all zones will contribute to the cooling coil load. If the load in a zone increases, then the amount of cool, dry air supplied to that room must also increase in order to maintain the comfort conditions in the zone. As conditioned air entering the zone increases, the supply air flowrate must also increase.  The supply air conditions are known to be 55°F, as required by ASHRAE Standard 90.1, and 90-95% RH [40]. Therefore, the cooling coil load will increase by increasing the supply air flowrate if the entering air and supply air conditions are maintained by modulating the chiller water control valve. This provides the necessary context for the current method of reducing cooling coil load and overall building load. The cooling coil load can be reduced by increasing the zone temperature setpoints throughout the building. 
The amount of supply air needed to maintain a certain zone air temperature will reduce as the zone temperature setpoint increases and the system dynamics reach steady state. This is an expected response as less heat is transferred into the zone through the envelope. However, there is another response in the cooling load that should be acknowledged. If the zone temperature setpoint is increased by some amount, then the terminal box damper will begin to close until the zone temperature reaches the new setpoint. During this time, the amount of air entering the zone will be greatly reduced and could even reach the minimum flow limit. As the zone air temperature increases to the new setpoint, the cooling coil load due to this zone will decrease dramatically. The total cooling coil load can be reduced considerably for a limited time if multiple zones served by an AHU experience a zone temperature setpoint reset. However, as the zones heat up and pass the new setpoint, the damper will begin to open again. Then the cooling coil load due to these zones will also begin to increase.
The sharp decrease in cooling load at the onset of a zone temperature setpoint reset may not be ideal in all scenarios but can be useful under some circumstances. The zone temperature reset could prevent failure in a scenario where the building is approaching a hard limit in power consumption. This dynamic behavior also brings about certain drawbacks. As the dampers begin to open to maintain the new zone temperature setpoint, the load increases. The load will still be less than the original load but will not be controlled precisely. This brings about a tradeoff between precise zone temperature control or precise load control.  Therefore, the studied energy-feedback control in this thesis is a means to provide precise load control when load demand becomes the first priority.
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Instead of adjusting the zone temperature conditions, the cooling coil load is directly controlled throughout the duration of EDR operation. This operating mode is used to address the previous concern of imprecise load control. However, it also brings about new compromises that must be considered. If the load is to be precisely controlled, then a tradeoff must be made somewhere. The load cannot simple be reduced while still fully meeting comfort levels. During EDR control, human comfort in the affected thermal zones is essentially treated as a secondary concern with the primary concern being the cooling coil load. 
All of this is not to say that human comfort does not matter at all. The requirement to choose between cooling coil load and accurate temperature control just indicates that operating constraints and needs will change at times. If it were the case that human comfort was unimportant, then the most effective way to reduce HVAC power consumption would be to simply disable all operation, which is not a feasible solution in most scenarios. This introduces the requirement to choose a cooling coil load that is sufficiently reduced but is still enough to keep people safe or comfortable.
In order to understand how energy demand response control is implemented, it is important to remember how certain components operate under normal conditions. First, the supply air temperature must be maintained at 55°F [40]. This is done by modulating the chiller water valve position, which in turn, alters the chiller water flow rate. Next, the supply air fan speed is adjusted to maintain a certain duct static pressure. The positive duct static pressure ensures that each zone receives ample supply airflow. These two control loops work together to provide enough cool, dry air to maintain desired conditions in the thermal zone.
If the cooling coil load is to be precisely maintained, then one of these two constraints must be given up. This decision is not necessarily straightforward, as each requirement has important justifications for existing. To start, the supply air temperature must be maintained because the cool air is what will actually maintain the desired conditions in the thermal zones. If the supply air temperature increases by too much, then the thermal zone temperature could not be maintained. A slight increase in supply air temperature could be offset by increasing the supply air flowrate, but this introduces even more concerns. It may not be feasible to increase the supply air flowrate would increase for all zones based on the fan limitations. The increase in fan power could also be considered in this scenario. Increasing the fan power will not only directly increase the total power consumption but will also increase the cooling coil load as the heat generated by the fan must still be removed. Additionally, an increase in the supply air temperature will result in less moisture being removed from the air during wet or partial-wet cooling. This could introduce problems as the zone humidity increases beyond reasonable levels.
The other constraint that may be given up is the duct static pressure. The real concern with this is not necessarily the actual duct static pressure but if each zone is receiving enough supply air. A forced reduction in supply air flowrate will result in a cooling coil load reduction but will also result in thermal zone temperature increases during cooling season. The air supplied to thermal zones not only removes heat but is also responsible for maintaining indoor air quality (IAQ) [38]. The supply air contains some ratio of fresh outdoor air mixed with return air from all of the zones. As supply air enters the zone, the air contaminants become diluted to acceptable levels. This is the primary reason that minimum supply air flowrates for each zone exist. Reducing the supply air flowrate by too much may result in undesirable levels of contaminants like carbon dioxide or volatile organic compounds.
In order determine which constraint should be released, certain assumptions were made about the operating conditions in which EDR control would be implemented. First, EDR control is not a control method that would run at all times. It would only be implemented for relatively short periods during which it was deemed that load management outweighed human comfort and IAQ requirements. Next, the thermal comfort condition outweighs the IAQ conditions during this time. This operation could make the zone temperature even hotter if the supply air temperature is not maintained. Supply warm or hot air to the zone would not remove enough heat to keep the room conditions bearable. Additionally, if the IAQ requirements were to be maintained, even more heat would enter the system as the fan power is increased. 
Therefore, the constraints that must be met for EDR operation are to precisely maintain the supply air temperature and cooling coil load. Due to the nature of heat exchangers, the supply air temperature could be controlled in more than one way. If all operating conditions are held the same, then increasing the chiller water flowrate will decrease the supply air temperature. Alternatively, a decrease in supply air flowrate will result in a decrease in supply air temperature. The supply air temperature in this case is regulated by adjusting the supply air fan speed and in turn the supply air flowrate. A PI control loop is used to eliminate the operating error and maintain the temperature at 55°F. 
The cooling coil load is then regulated by the chiller water control valve which alters the chiller water flow rate. By increasing the chiller water flowrate, the cooling coil load can increase. More heat can be removed from the air as more cold chiller water flows through the cooling coil. Again, the cooling coil load is not directly measured but can be calculated from measured values as shown in Equation 4.1. The heat removed from the air must enter the chiller water. The sensible heat transfer rate of the chiller water can be used because there is no phase change. 

The chiller water measurements are also generally simpler to take and fewer are required. The only points that must be measured are the entering CHW temperature, the exiting CHW temperature, and the CHW flowrate. If the air side were to be used to additional measurements would be required to calculate the enthalpy. This could be the wet-bulb temperature or relative humidity. Each additional measurement offers more opportunity for sensor error to affect the calculation. The cooling coil load used by the control sequence is calculated from the chiller water conditions. Both control sequences are shown in Figure 4‑1.
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[bookmark: _Ref76462392][bookmark: _Toc78963790]Figure 4‑1: EDR Control Sequences
For EDR control, the control sequences in the AHU are adjusted based on the previously discussed strategy. All operations external to the AHU remain the same as during normal operation. This primarily covers the terminal box operation and thermal zone temperature setpoints. The zone temperature setpoints remain constant when EDR control is initiated. During this time, less supply air is available, so the zone temperatures are expected to increase. The terminal box dampers are then expected to open further to offset the zone temperature increase. At some point all terminal boxes will open fully if the cooling coil load is sufficiently limited. Each zone will essentially be fighting for the limited supply air. On a physical system, this behavior may result in zones nearest the AHU receiving the most supply air. The expected system behavior is that the cooling coil load will be controlled precisely, but there will be no way to prioritize the temperature of specific zones.
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Both methods of cooling coil load management were simulated allowing for direct comparison under more precise operating conditions. 
In the simulation, to find suitable setpoints that would offer a fair comparison between control methods, the system was first allowed to operate normally through peak hours. The mean cooling coil load during this time was measured and recorded. Next, the cooling coil load was reduced by some amount, approximately 50% in the experimental case, by implementing EDR control during peak hours in another day. Due to the reduced cooling coil output, all zone temperatures should exceed the respective setpoint. The maximum temperature for each zone during this time was recorded to be used as the new reset setpoint temperature. Each zone reset setpoint will be the maximum temperature from that specific zone. Zone reset setpoints in this scenario will be unique unless conditions result in multiple zones reaching the same maximum temperature.
All simulations were conducted for a simulation time of three days. The simulation begins with time zero equal to midnight. The graphics in this section will highlight the simulation results from Days 2 and 3. At this point, the transient effects due to the initial conditions have settled. The operating conditions at the start of Day 2 are determined by the model and are not user inputs. This is important because a physical system does not just reset at certain points but is dependent on previous conditions.
The simulation conditions are of a hot summer day. The outdoor air temperature follows a sinusoidal pattern with a period of 24 hours to represent a day. The outdoor temperature ranges from 90°F to 110°F. The hottest point in the day is set to occur at 3 PM. This outdoor temperature can be viewed in Figure 4‑2 as the orange line. These outdoor temperatures may not be very common in many locations but using them allows the system behavior to be approximated in extreme conditions. This figure also contains the temperature response of Zone A over the timespan and an indication of the peak hour time. The peak hour time is used to signal when the setpoint will reset. The time of peak hours is from 2PM to 7PM and follows the schedule of Oklahoma Gas and Electric Corp, a local electricity provider. The peak temperature occurs shortly after the onset of peak hours as in real systems.
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[bookmark: _Ref76225234][bookmark: _Toc78963791]Figure 4‑2: Simulation Inputs based on Time of Day
As a reminder, the simulated model consists of three thermal zones with identical thermal envelope structures. To provide slight variety in the system, the maximum flow rate of each terminal box is unique. These flowrate values can be seen in Table 4‑1. The temperature dynamics of each zone can be made distinct by providing each zone with its own maximum flowrate. For example, a zone with a lower maximum flowrate than another and the same terminal box damper dynamics may cool down more slowly after the setpoint reset. This increases the realism of the model as most physical systems have some variations between zones.
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	Zone Label
	Maximum Supply Air Flowrate

	Zone A
	500 cfm

	Zone B
	600 cfm

	Zone C
	700 cfm



An additional constraint was added to the VAV system to increase the accuracy of the behavior of the full model. The supply air entering all thermal zones must be equal to that supplied by the supply air fan. Consider a scenario in which the supply fan is at a partial speed and the thermal zones are each in need of cooling, it is likely that the zones do not receive enough cold air to maintain the desired zone temperature. For example, if each of three zones has an airflow rate setpoint of 500 cfm but the total supply airflow rate is only 750 cfm, then all zones cannot be satisfied. The behavior under these conditions in a physical system would depend on the physics of the airflow and the pressure drop would be affected by numerous parameters such as the air velocity, duct size and material, and distance from the AHU to the zone among other factors. 
It is possible for this assumption to be untrue on a physical system for very short time periods (seconds) due to the compressibility of air in the ducts. However, it is reasonable to assume the sum of all zone airflow rates is equal to the supply airflow rate due to the inherently slow dynamics of buildings. Additionally, the air supplied to the zones is only used for heat transfer. The building pressurization and change in air mass are not considered so those dynamics are irrelevant to the outcomes of this work.
The total zone airflow constraint will be addressed by proportionally distributing the available supply air flow rate from the fan to each zone. First, the total desired airflow rate is calculated using Equation 4.2 as the sum of desired flow rates from all zones. The supply air fan tries to meet this total desired flow rate by using a PI control loop. The air entering a specific zone is based on the proportion of desired airflow for that zone compared to the total desired airflow rate. The modeled zone actually receives this proportion of the available, actual airflow from the fan. The procedure for determining flow rate into each zone is given by the following Equations 4.2-4.4where Qtot,des is the total desired flowrate for all zones, Qi,des is the desired flow rate for a specific zone i, αi is the proportion of desired flow rate for zone i to the total, Qtot,act is the total actual flowrate available from the supply air fan, and Qi,act is the actual amount of air entering zone i. 




The reset temperature setpoints were determined from the EDR control temperature response. The cooling coil load was directly controlled and limited to a lower magnitude for the duration of the peak hours. The peak temperature reached during this time was recorded and used as the reset temperature setpoint. The simulated average cooling coil load during peak hours and normal operation was found to be 3.1 tons. This is with all zones prioritizing comfort and maintaining the zone temperature at 72°F.
The cooling coil load during EDR control was set to 2 tons. This is approximately 65% of the mean cooling coil load throughout normal operation peak hours. The EDR control temperature of all zones is given by Figure 4‑3. It can be noted that the temperature response of each zone is unique as a result of the distinct maximum airflow rates. Since the airflow allowed into each zone is determined proportionally, it follows that the zone with the largest maximum flowrate will remain the most comfortable. This can be seen with the temperature of Zone C maintained closest to the setpoint and Zone A being the least effective.  
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[bookmark: _Ref75350639][bookmark: _Toc78963792]Figure 4‑3: Energy Demand Response Simulation Temperatures
Again, the maximum temperature reached for each zone during this time will be used for the setpoint reset temperature. The new setpoint for each zone is given in Table 4‑2.
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	Zone Label
	Normal Temperature Setpoint
	Reset Temperature Setpoint

	Zone A
	72.0 °F
	74.0 °F

	Zone B
	72.0 °F
	73.6 °F

	Zone C
	72.0 °F
	73.2 °F



The system under each operating condition begins with all zone temperature setpoints at the normal operating value of 72°F. During peak hours of setpoint reset operation, the setpoint of each zone is reset to its respective value. From Figure 4‑4, it can be seen that the zone temperature follows the setpoint as desired. 
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The zone temperature reaches the setpoint if sufficient time is given after a disturbance. When the setpoint increases, the zone temperature takes some time to reach the new setpoint. The temperature overshoots the setpoint by a small amount due to the slow dynamics of the damper and system. When the setpoint is increased, the damper will slowly close allowing the temperature to increase. Once the new setpoint is reached, it takes time for the damper to open up and increase the flow rate again. The setpoint is reverted to the original value at the end of peak hours.  At this point, the system slightly overcools the zone. This is again caused by the slow dynamics of the system.
The temperature response of both methods compared in Figure 4‑5, which includes the temperature response of Zones A and C over the simulated time. Zone B was excluded to reduce clutter. 
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The temperature of each zone increases quickly at the onset of peak hours for all control methods. The temperature is then maintained if and when the zone temperatures reach the reset setpoint during that operation. The temperature seems to increase at a steadier rate during EDR control. This is because each zone desires an increased flowrate, where the flowrate changes in the SP reset operation. the temperature responses of all zones meet expectations with the SP reset having more control over the compromised temperature. One noteworthy behavior is that zones overcool by some amount when the control is released back to normal operation. This is especially prominent in Zone C with EDR control. This behavior is caused by the high flow setpoint to maintain the temperature at the setpoint of 72°F. Once the EDR control is released and the supply air fan output increases, the zone will receive the maximum allowable air flow and result in that overcooling. The desired and actual flowrates into the zones can be seen in Figure A- 1 and Figure A- 2 in the Appendix.
The cooling coil load is the main consideration of these strategies along with the temperature responses. There are multiple factors of the load that must be considered. First, is the load maintained to acceptable levels during peak hours? Is the peak load acceptable? The cooling coil load for both control methods is given by Figure 4‑6.
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[bookmark: _Ref75355700][bookmark: _Toc78963795]Figure 4‑6: SP Reset, EDR Cooling Coil Load Comparison
Due to the varying setpoints of all thermal zones and other system dynamics, it is expected that the cooling coil load will not be constant. It will also not be a smooth transition between operating conditions. The abrupt setpoint adjustments will cause sharp changes in cooling coil load, and EDR control is expected to quickly take control of the load. During peak hours of the setpoint reset, the cooling coil load drops dramatically to 1.06 tons. However, the load does not remain below the desired maximum setpoint of 2 tons. The cooling coil load reaches 2.54 tons by the end of peak hours. This may not seem like much of a difference but could be critical in some circumstance. The excess load could also increase drastically if the outdoor air temperature increases or internal gains change, requiring more airflow into a zone. After peak hours end, the cooling coil load increases to 5.10 tons as all zones are cooled back to the normal setpoint. The supply air flowrate may reach its maximum during this period. This behavior may be acceptable as the peak does occur after peak hours. Some variation in the cooling coil load throughout the day can also be noted. This can be explained by the outdoor air temperature. The outdoor air temperature is reduced at night, resulting in less heat transfer through the envelope and less airflow required.
The cooling coil load during EDR control is precisely controlled at 2 tons for the duration of peak hours. The most notable cooling coil load behavior is the large peak after peak hours when normal operation is reinstated. The cooling coil load reaches a peak of 5.9 tons. The cause of this is the same as the cause of the zone overcooling in these conditions. When EDR operation ends, the supply airflow rate increases because of the fan speed increasing, but the terminal box cannot close fast enough to prevent over supplying the air and overcooling the zone. During normal operation, the cooling coil loads of both control methods are similar as expected. 
Both the setpoint reset and EDR control are valid means in reducing the cooling coil load for a period of time based on the simulation. The simulation environment is very useful for testing a variety of scenarios but will also result in some simplifications that may not be indicative of the physical system. For this reason, these control strategies are also verified through experimentation.
[bookmark: _Toc75349306][bookmark: _Toc75349351][bookmark: _Toc75349436][bookmark: _Toc75349481][bookmark: _Toc75349526][bookmark: _Toc75349571][bookmark: _Toc75431081][bookmark: _Toc75446056][bookmark: _Toc75446101][bookmark: _Toc75518585][bookmark: _Toc75520007][bookmark: _Toc75522520][bookmark: _Toc75522683][bookmark: _Toc75522735][bookmark: _Toc75882948][bookmark: _Toc75886515][bookmark: _Toc75964566][bookmark: _Toc76028343][bookmark: _Toc76031889][bookmark: _Toc76032051][bookmark: _Toc76138303][bookmark: _Toc76138359][bookmark: _Toc76227596][bookmark: _Toc78963744]Experimental result comparison  
The load control strategy experiments were conducted on the Engineering Laboratory Building. All experimental tests were conducted on days with similar operating conditions. The tests were conducted during the summer so that cooling operation would be guaranteed.  Summer is a low occupancy period for this building, which will reduce unmeasured environmental impacts. People will not be entering and exiting zones causing shifts in the internal gains. The temperature dynamics of the zones will be fairly predictable and primarily affected by the outdoor air temperature and the HVAC operation.
[bookmark: _Ref75358029][bookmark: _Ref74234056]The new zone temperature setpoint values were determined in conjunction with the Energy Demand Response Control test. In that test, the cooling coil load was limited and allowed to run for two hours. the maximum zone temperature during the time period was recorded for each individual zone. This maximum temperature was used as the new zone temperature setpoint for the experimental setpoint reset test. This procedure was completed to ensure the different control strategies were tested under comparable conditions. The maximum zone temperature is an important factor to hold constant because it is strongly correlated to occupant comfort. The setpoint values for normal operation and during the reset are recorded in Table 4‑3.
[bookmark: _Ref76724982][bookmark: _Toc78963825]Table 4‑3: Zone Temperature Setpoints for Reset Test
	Zone
	Normal Temperature Setpoint
	Reset Temperature Setpoint

	A
	74 °F
	78.1°F

	B
	71°F
	73°F

	C
	72°F
	75.5°F

	D
	73°F
	74°F

	E
	70°F
	75.1°F

	F
	69°F
	76.5°F

	G
	71°F
	72°F



The experimental test for zone temperature setpoint resets was started at approximately 3:30 PM. Data was collected while the system was in normal operation as a baseline. The zone temperature setpoints were each set to the new reset temperature setpoints. The system was allowed to operate for 2 hours with higher temperature setpoint values. Each setpoint was then set back to the original value. During this test, the outdoor air temperature ranged between 90-84 °F. Figure 4‑7 is used to indicate the temperature response of all zones in the building and the outdoor air temperature. 
[image: ]
[bookmark: _Ref74236311][bookmark: _Toc78963796]Figure 4‑7: Zone Temperature Reset Test
The energy demand response tests were conducted during an afternoon in cooling season to allow for proper comparison to other control strategies. The system was allowed to operate under normal conditions to begin with. EDR control was then initiated for approximately two hours before the system was reverted back to standard operation. The control operation changes were made at the AHU level. All operations downstream of the AHU remained the same, including zone temperature setpoints. The setpoints were held at the starting values because it is often the case that zones have unique setpoints in physical buildings. The setpoints are the same as those given in
Table 4‑3.
Energy demand response control was active from 4:08PM to 5:58PM. The cooling coil load was limited to 1.1 tons during this time. this cooling coil load setpoint was determined from the mean cooling coil load during the setpoint reset test. This provided sufficient time for the zone temperatures to respond. The outdoor air temperature during the test ranged from 90°F to 82°F, which is similar to the outdoor conditions of the setpoint reset test. The temperature response of all zones is shown in Figure 4‑8.
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[bookmark: _Ref74911963][bookmark: _Toc78963797]Figure 4‑8: Energy Demand Response Control, Experimental Temperature Response
A couple of observations can be made from this temperature response as a sort of reality of check. When EDR control is activated, the zone temperatures are expected to increase. this can be seen in almost every zone, with the exception of Zone G. This behavior is not necessarily an error. Zone G does have an exterior wall as shown in the floor plan which would imply heat transfer through the envelope and a rising zone temperature. this is true, but it should also be noted that the exterior windows in Zone G have been removed and closed in. Zone G was also unoccupied during this time. The combination of low heat transfer through the envelope and low or no internal gains allows the temperature to be maintained for the most part. Alternatively, Zone F could be considered which was also unoccupied during this time. Zone F has a west facing wall with a significant amount of window coverage. This increase in heat transfer into the zone cause the temperature to increase further where other conditions would be the same. overall, the system behaves as expected during this time. when the cooling coil load is forced to reduce, the zone temperatures rise.
Although the load profiles of the EDR test and setpoint reset test were very similar, the temperature responses showed some variation. During the setpoint reset test, most zones reached a higher temperature than during the EDR test, all except for zone F. All maximum zone temperatures for both test methods are recorded in Table 4‑4. This observation can be explained by the control methods and slow dynamics of the terminal boxes.
[bookmark: _Ref74924012][bookmark: _Toc78963826]Table 4‑4: Maximum zone temperature experimental results
	Zone
	Maximum EDR Temperature
	Maximum SP Reset Temperature

	A
	77.1°F
	78.8°F

	B
	72.5°F
	73.3°F

	C
	74.7°F
	75.6°F

	D
	73.5°F
	74.2°F

	E
	74.6°F
	75.6°F

	F
	75.7°F
	74.3°F

	G
	71.2°F
	72.3°F



When the setpoint is reset, the terminal box dampers will begin to close up so that the new setpoint can be attained. The damper will not open again until the zone temperature exceeds the setpoint. At this point, the cooling rate into the zone is so small that the temperature continues increasing. Alternatively, when EDR control is initiated the supply air flowrate is greatly reduced immediately. This will cause the zone temperature to immediately increase but at a steady rate.
Not all zone temperatures increased at the same rate. Figure 4‑9 and Figure 4‑10 show the temperature response of Zone E and Zone F, which are representative of all zone behaviors. Figure 4‑9 shows the temperature response of Zone F where the temperature during the EDR test exceeds the temperature of the setpoint reset. The temperature response of Zone E is given by Figure 4‑10. In Zone E, the setpoint reset temperature exceeds the temperature reached during the EDR test. These temperature responses indicate that each load control type may not result in the exact same behavior, even if the test conditions are very similar.
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[bookmark: _Ref75167541][bookmark: _Toc78963798]Figure 4‑9: EDR and Setpoint Reset Temperature Response Comparison for Zone F
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[bookmark: _Ref75167559][bookmark: _Toc78963799]Figure 4‑10: EDR and Setpoint Reset Temperature Response Comparison for Zone E

The cooling coil load cannot be directly measured easily in an experimental setup; however, it can be calculated based on parameters that are known. The cooling coil load is based on the total heat transfer rate, not just the sensible heat or just the latent heat. In order to find the total heat transfer rate on the air side, the flowrate and enthalpy difference would be required. This requirement is due to the dehumidification of the air that may occur during wet cooling. The air enthalpy calculation requires additional measurements like the wet bulb temperature. In order to reduce the number of conversions and decrease the complexity, the cooling coil load is calculated based on the chiller water. This can be done based on the chiller water flowrate and the temperature difference between the chiller water entering and exiting the cooling coil. All heat removed from the air must enter the chiller water so the cooling coil load can be simplified because there is no phase change in the chiller water. This relationship is demonstrated in Equation 4.2.

The cooling coil load profile for both sets of experimental tests is given by Figure 4‑11. The start time of the EDR test matches that given by the x axis. The SP reset results were shifted slightly so that the start times of both tests are aligned. The desired cooling coil load for these tests was 1.1 tons. This cooling coil load is significantly reduced from normal operation but not so much so that the system is essentially not in operation.
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[bookmark: _Ref75354203][bookmark: _Toc78963800]Figure 4‑11: Experimental Cooling Coil Load Profile
Based on Figure 4‑11, a few notable observations can be made. First, with regards to the SP reset test, it can be seen that after the zone temperature setpoints are increased, the cooling coil load remains unchanged for a period of time. This can be explained by the slow dynamic response of many components in the system. Once the setpoint is reset, the PI loop controlling the temperature will signal the terminal box damper to close. The PI controller may take some time to adjust the output to achieve a sufficient reduction in airflow. Dynamics are also introduced by the damper actuator which can take as much as five minutes to fully close. The cooling coil load finally begins to reduce as the dampers close and the supply airflow rate reduces. The cooling coil load reduces below 1 ton. From this point to approximately 5:00 PM, the cooling coil load stays near 1 ton with slight variation. This is close to the ideal behavior, where the load is consistent and lower than standard operation. The minimum load is primarily dictated by the minimum supply air flowrate of all terminal boxes. The airflow rate cannot fall below the minimum, so the cooling coil load also approaches a minimum value. 
After 5:00 PM, the load begins to increase to above 1 ton. This deviation is a negative behavior of this control strategy; however, it is expected based on the system operating constraints. When the setpoint is reset, the airflow rate for each terminal box will reduce to minimum or near minimum resulting in the smallest cooling coil load. As the zones begin to heat up and reach the reset setpoint, the terminal box dampers will be opened to maintain this new temperature. It can now be observed that a higher zone temperature setpoint does result in a reduced cooling coil load. However, the load is not consistent or precise. It varies from 0.7 tons up to 1.5 tons. This variation could cause issues in some scenarios if the load must be strictly controlled for any reason.
The zone temperature reset strategy does allow for the load to be reduced, significantly so in some circumstances. The major advantage to this method is that the zones can still be prioritized. It was not exactly done in this scenario, but the setpoint values could be chosen to favor the comfort of certain zones. However, a tradeoff of this method is that the cooling coil load cannot be guaranteed. The load drops dramatically directly after the setpoint reset but then begins to increase before the end of peak hours. The setpoint reset provides a compromise between zone prioritization and precise load control but may not suffice if strict load limits exist.
With respect to the EDR operation, the cooling coil load quickly reaches the cooling coil load setpoint of 1.1 tons. This cooling coil load responds rapidly due to the fact that the system response time for EDR operation is determined primarily by the supply air fan and chiller water valve. Both of these devices have a time constant in terms of seconds where the terminal box time constant is more in terms of minutes. Once the setpoint is reached, the cooling coil load remains at 1.1±0.15 tons. It may be possible to reduce the load variation through different control parameters but is satisfactory for this test. Once EDR control is released, the cooling coil load increases quickly and has a very similar profile to the SP reset results.
The simulated results and the experimental results both offer insights into both the setpoint reset method and EDR control. First, both control strategies result in a reduced cooling coil load. Each strategy also brings about unique tradeoffs. EDR control provides precise load control but does not allow for any prioritization between zones. Resetting the zone setpoints allows for some prioritization between zones but does not allow for precise load control. sometimes the load will be less than desired and will be greater at other times. Now it must be determined if the benefits of both strategies can be achieved simultaneously. How can the cooling coil load be precisely controlled while still prioritizing some zones?


[bookmark: _Toc78963745]Integration of Transactive Control and Coordination
There are multiple ways that the lack of prioritization could be addressed, but this would generally mean the load could not be precisely controlled. In order to address this requirement, transactive control and coordination (TCC) was used in conjunction with energy demand response control. TCC is a control strategy that has been developed by Pacific Northwest National Laboratory (PNNL). The foundational idea of TCC is that the entire system acts as a transactive market. To put it very basically, multiple users that desire some commodity will place a bid for that commodity to the market. The market will then distribute the commodity based on the bids and availability. In the case of this work, the commodity will be cooling coil energy or could be taken down further to the amount of cold air supplied by the AHU. This process is done repeatedly in what will be referred to as bid cycles. With each new bid cycle, a new bid is placed to the market, and the market returns a new cleared amount [41, 42].
[bookmark: _Toc78963746] Overview of Transactive Control and Coordination Operation
TCC is used to distribute the resources based on multiple factors including the resource availability, resource demand, and the level to which each user wants or needs the resource. It is important to note that bid price and transactions are do not necessarily require the use or transfer of money. In this work, the bids have not been quantified in terms of monetary cost but are instead based on a more abstract measure of need or desire. For example, a room that has workers may need more cool air than an empty conference room.
TCC markets utilizes two-way communication between multiple agents that each act on their own behalf and communicate with the market agent. The most basic TCC system will consist of multiple bidding agents and a single market agent. This simple market as an air market can be seen in Figure 5‑1. Each VAV agent acts as a bidding agent with the Air Market as the market agent. The VAV agents must submit a bid price and a bid quantity to the market. The bid price could be a monetary amount or the severity of need for the device that the agent represents. A zone that is either more important or less comfortable may have a greater need than other zones. The bid quantity will be the amount of energy or cool air that the agent is requesting. For example, an agent representing a large thermal zone may require more cool air just to maintain the temperature. The market agent will create a demand curve from all bids and a market curve from the cost and benefit of using the cool air. Finally, the market agent produces a clear price from both curves which is then sent to all bidding agents. Once the bidding cycle completes, the process will be repeated [41, 42]. 

[image: ]
[bookmark: _Ref75444328][bookmark: _Toc78963801]Figure 5‑1: Illustration of single commodity market inside a commercial building [41]
TCC markets can be made in varying degrees of complexity. There may even be multiple market agents. These market agents may be in the same level bidding for the same resource or in different levels. Market agents may also need to act as bidding agents in complex systems with multiple levels of resource distribution. An example of a complex transactive market for a commercial building (or buildings) is shown in Figure 5‑2.  The resource used in a specific layer is given on the left side of the figure from air to cooling energy (BTU) to electricity. In this set up, there are multiple AHUs. Each AHU acts as a market for all zones that are served by that specific AHU. Each AHU then bids for an amount of chilled water from the chiller that is serves it. All chillers and electricity consuming devices bid for electricity from the top-level electricity market [41].
[image: ]
[bookmark: _Ref75445864][bookmark: _Toc78963802]Figure 5‑2: Illustration of multiple commodity markets inside a commercial building [41]
[bookmark: _Toc76468546][bookmark: _Toc76468696][bookmark: _Toc76469008][bookmark: _Toc76469245][bookmark: _Toc76469802][bookmark: _Toc76471384][bookmark: _Toc76482335][bookmark: _Toc76483974][bookmark: _Toc76484078][bookmark: _Toc76557039][bookmark: _Toc76557715][bookmark: _Toc76559026][bookmark: _Toc76559181][bookmark: _Toc76559336][bookmark: _Toc76559633][bookmark: _Toc76561317][bookmark: _Toc76575469][bookmark: _Toc76575622][bookmark: _Toc76575704][bookmark: _Toc78963747]Application of TCC in EDR Control
In order for a simple TCC system with a single market to work for the EDR operation, there must be a strategy to determine the bid price, the bid quantity, and a cleared amount for each zone to use. The bidding agents for this work each represent a thermal zone.
[bookmark: _Toc78963748]Bid Pricing
The bid price strategy will be introduced first. The bid price is tied to the need of that bid agent so a zone with a greater need will submit a larger bid price. The need in this work is based solely on the zone temperature which could be correlated to occupant comfort levels. No zones are inherently more important than the others. There is not a way to directly quantify human comfort, but generalizations can be made for the sake of determining the bid price. The main assertion is that during cooling season, the occupants prefer the zone to be cooler. Therefore, if the zone temperature is currently very hot then the occupant will be willing to bid a higher amount. A low zone temperature would indicate that the occupants are satisfied+ The bid determined from a linear curve made from acceptable comfort conditions of that zone and allowable bidding range [42, 43]. This bid price curve is given by Figure 5‑3. 
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[bookmark: _Ref75449128][bookmark: _Toc78963803]Figure 5‑3: Bid Price Curve [42]
[bookmark: _Toc78963827]Table 5‑1:TCC Bidding Parameters
	Parameter
	Definition

	Tmin
	Minimum allowable zone temperature 

	Tmax 
	Maximum allowable zone temperature

	Tdesired
	Desired zone temperature

	Tc  
	Current zone temperature

	λavg
	Average historical bid Price

	σ 
	Standard deviation of historical bid price

	K
	User-defined preference factor



The temperature points would be set by the user. The minimum and maximum temperatures are the ranges of the comfort conditions for that zone, and Tdesired is the ideal temperature set by the user. For example, the user may want the zone temperature to be 75°F but willing to let the zone reach 80°F if necessary. λavg is the average of historical bid prices sent to the market. The user defined value “K” is an important value defined by the user [42]. This indicates the user’s preference between the desire to reduce energy consumption and to remain as close as possible to the desired set point. A smaller K value will maximize the energy savings. A large K value will maximize the comfort of the zone [41]. Finally, the bid price can be determined with this curve based on the current room temperature. If the current temperature is at or above the maximum comfortable temperature, then that agent will bid its maximum amount. Similarly, the agent will bid the average when the temperature is at the desired condition.
This method was simulated using the existing EDR model while trying to maintain the zones at the setpoint of 72°F. The comfort bounds are set at 68°F and 78°F. The average bid price was assumed to be 10 with the variation due to user preference and standard deviation at ±5. The cooling coil load is limited to 2 tons during peak hours. The zone temperature and calculated bid price are given in Figure 5‑4. From this figure, it can be seen that the bid price increases as the zone temperature increases above the desired point as anticipated. 
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[bookmark: _Ref76397384][bookmark: _Toc78963804]Figure 5‑4: Bid Pricing Test
It should be noted that each zone can have its own K value and temperature points. This provides another layer of prioritizing certain zones. An occupied office may need to maintain the temperature between 73-77°F, and a storage room could range between 78-88°F. In this scenario, each room would have its own desired temperature and comfort conditions. Not only are the comfort conditions different, but the range is also unique. One could have the range set at 4°F while the other, less critical one has a range of 10°F. These parameters allow for a variety of methods to prioritize certain zones. Additionally, bid pricing is not an exact method and a range of methods may be used to quantify the bid. The ideal relationship between temperature and bid price may not be linear. However, the method given is sufficient to demonstrate the TCC operation.
[bookmark: _Toc78963749]Bid Quantity
The bidding agents must submit a bid quantity along with the bid price. The bid quantity is how much of the resource is desired by that zone [42]. In this case the resource is energy from the cooling coil in BTU. First it is necessary to decide what the quantity of energy must achieve. The energy from the cooling coil will, of course, be used to remove heat from the zones but could be done to different extents. Should the bid quantity only maintain the current temperature? Should it be the energy required to reduce the zone temperature to the minimum comfort condition or the desired temperature? The desired temperature is considered the ideal case, so the bid quantity will be the amount of energy needed for the zone temperature to reach the desired temperature. 
There are numerous ways to create a bid quantity in practice. It could be chosen by using machine learning to forecast the needed quantity for the next cycle, but a physics based model would be preferred for this work. A model like the 3R3C building model with the required inputs could be used to estimate the building behavior. However, this would require significant knowledge of the building to find appropriate R and C values. There are ways to predict the R an C values based on measurements from the building dynamics as done by Wang [13]. A true physics based model was not used in the end. The primary reason that this method was not used is that a 3R3C model was already used to represent the building dynamics in the simulation. This could result in an improbably accurate bid quantity calculation. Instead, a new strategy was developed. 
The basic foundation of the strategy relies on the assumption that the cooling load of the current bid cycle will be the same as the previous cycle. The new bid quantity consists of two basic parts. First, the new bid quantity must negate the heat gains in the cycle. The next component of the bid quantity is the energy required for the current zone temperature to reach the desired temperature. This strategy was also selected because it utilizes measurements that are commonly available on physical commercial systems, like the zone temperature and supply air flowrate.
First, the zone can be treated as a control volume. The difference between the heat gains and bid quantity can be determined from the zone temperature error with respect to the desired temperature. Since the gains for the next cycle are not known yet, the gains calculated from the previous cycle are used to determine the bid quantity for the current cycle. This assumption for heat gains between cycles remaining nearly constant holds true for most times. The exception is when internal gains increase dramatically between cycles, but this would be difficult to capture in most models. These relationships can be seen in Equations 5.1 and 5.2, where P indicates an amount of energy in BTU.


The zone heat gains, Pgain, are not immediately available. However, it can be calculated by using a technique similar to that used in the 3R3C model. The rate of change of the average zone air temperature can be found from the heat transfer into or out of the zone. This relationship is given by Equation 5.3.

This allows for the system dynamics to be determined at an instance in time but not for the entire bidding cycle. The system can be integrated with respect to time in order to find the heat gains over a period of time. The temperature change in the zone over the entire bidding cycle is a function of the total amount of heat entering and the total heat exiting the zone during that time. The temperature difference at the start of the cycle and end of the cycle are known, both in the simulation and on physical systems. 

The heat removed from the zone through cooling is not directly known but is calculable from commonly measured values.  It is assumed that heat is removed only through air conditioning. The heat removed though air conditioning can be calculated as a function of the supply air mass flowrate and enthalpy difference of the room air and supply air. These values are not directly measured, but the relationship can be simplified when using only sensible heat. The supply air temperature, room air temperature, and supply air flowrate are all measured. The cooling rate relationship is given in Equation 5.5.

This relationship can then be inserted into Equation 5.4, yielding Equation 5.6. Since the specific heat and density do not change by a large amount, they are assumed to be constant. 

The heat gains into the zone over the bid cycle causing this temperature change is equal to the gains required for the bid quantity calculation. Combining Equations 5.6 and 5.7, gives the relationship Equation 5.8. 


Again, the bid quantity consists of the expected heat gains during the cycle and the energy required to reach the desired temperature. The bid quantity as a function of known parameters is given by Equation 5.10.


The bid quantity in this form consists of three basic parts. First, the new bid quantity must negate the heat gains in the cycle, which is determined by the required amount of cooling in the previous cycle. The bid quantity should be able to negate the rate of change of temperature in the zone. If the zone temperature is rising quickly, then the bid quantity should be increased to prevent the temperature rise. The third component of the bid quantity is the energy required for the zone temperature to reach the desired temperature. each of these terms contributes to finding an accurate bid quantity.
This method of choosing a bid quantity is not perfect; however, it does show promise when the heat gains between bid cycles change slowly. To improve accuracy, a scheduling parameter could be built into the bidding formula. This would be for times when gains are expected to change significantly between cycles such as an unoccupied period to an occupied period. 
This method was tested on a simulated zone operating under normal conditions. The setpoint of the zone was maintained at 72°F with the average outdoor air temperature at 100°F. The zone had an internal gain of 1 Btu/second which was increased to 1.5 Btu/second at the time 150,000s. The bid quantity, actual required energy, and error are given in Figure 5‑5. It can be noted that the error remains within 3% after the internal gain disturbance.
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[bookmark: _Ref75790636][bookmark: _Toc78963805]Figure 5‑5: Bid Quantity Comparison
This method of determining the bid quantity provides sufficiently accurate results for the TCC market. The bid quantity follows the trend of the required energy to maintain the zone temperature.  
[bookmark: _Toc78963750]TCC Market Agent
The basic operation of the market agent is to take inputs from all of the zones and produces an output that will result in limiting the distribution of the desired resource. The inputs to the market are the bid price and bid quantity from each zone served by that market. The output is what is known as a cleared price for all zones to use.
The market agent must first aggregate the bid prices and bid quantities from all bidding agents. The bid price and bid quantity are treated as pairs, with each pair representing one bidding agent. The market sorts all bid pairs in terms of decreasing price. This can be seen in Figure 5‑6 as the green curve. The y-axis is the bid price, and the x-axis is the resource to be distributed, power in the case of this graph. Bid 1 represents the bid pair with the highest bid price which is shown by the vertical height of the bid. Each succeeding bid pair has a lower bid price. The power of each bid is plotted as the width of the specific bid. The quantity at each bid in the market is the sum of all preceding bids. For example, the quantity of Bid 3 in the market will be the sum of Bids 1, 2, and 3.
 λbase and λcap are the minimum and maximum allowed cleared prices, respectively.  Puc is the power of the uncontrollable loads. These are loads that use the resource of the market but whose operation cannot be compromised. If an electricity market is considered, uncontrollable loads could include lighting, computers, or any other required electrical devices. The uncontrollable loads are given a bid price of λcap because they are treated as a priority by the market. Plim is the maximum power limit that should be allowed by the market.
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[bookmark: _Ref75863918][bookmark: _Toc78963806]Figure 5‑6: TCC Uncongested Sample Market Agent [42]
The power limit Plim is used to create the demand curve, given by the red line. The cleared price is determined by the intersection point of the market curve and demand curve. The market in Figure 5‑6 is known as an uncongested market. An uncongested market occurs when the total bid quantities do not exceed the power limit. In this case, the cleared price λclear will be equal to the base price λbase. An uncongested market will generally only occur when the power is not a concern or when all bidding agents are already satisfied.
The other market condition is known as a congested market. This occurs when the bid quantities exceed the power limit, as shown in Figure 5‑7. The cleared price is still the intersection point of the demand and market curves. Now, this intersection point is located above the base price. The cleared price must be between the base price and cap.  
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[bookmark: _Ref75869076][bookmark: _Toc78963807]Figure 5‑7: TCC Congested Market Agent [42]
Generally, the power limit and cleared price have an inverse relationship. As the power limit decreases, the cleared price increases. The demand curve in this scenario is only indicated by the power limit, but it could be possible to construct the demand curve differently. For example, there may be a quadratic relationship between power and price for the demand curve. This could be done as complexity increases and multiple markets with different resources are used as in Hao et Al. [44] and Chandra et Al. [45]. 
[bookmark: _Toc78963751]TCC Operation
The cleared price is sent to all bidding agents from the market agent. Each bidding agent receives the same cleared price. The bidding agent is responsible for adjusting the resource consumption of its zone or device by using the original bidding curve.
The bidding agent takes in the cleared price to determine a new setpoint for the next bidding cycle. This operation can be seen in Figure 5‑8. A higher cleared price will result in a higher setpoint. If the cleared price happens to equal the average historical bid, then the new setpoint will be the desired temperature. If the cleared price is above the maximum, , then the new setpoint will be the user defined maximum comfort condition. Additionally, the new setpoint will be the minimum temperature if the cleared price is below . 
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[bookmark: _Ref75873699][bookmark: _Toc78963808]Figure 5‑8: Cleared price at bidding agent [42]
As a reminder, the cleared price will increase as the power limit at the market decreases. A higher cleared price will result in higher setpoints for the new cycle at the bidding agent level. The power consumption at the market level (cooling coil) is regulated by adjusting the setpoints of each of the zones. TCC allows the load to be broadly affected but will not directly control the load as EDR does. This is why TCC is used in conjunction with EDR control. The EDR setpoint and TCC market power limit are set to the same value. EDR control directly controls the cooling coil load and TCC is used to distribute the available cool air. 
The TCC market follows a simple sequence of operations. First, all bidding agents produce a bid price and bid quantity. These bids are then all sent to the market agent. The market collects and sorts all of the bids to create a market curve. A demand curve is created in the market agent based on the user specified power limit. The market determines a cleared price from the market and demand curves. Each bidding agent determines a new setpoint from the original bidding curve and the cleared price. This sequence of operation is illustrated in Figure 5‑9.
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[bookmark: _Ref75875373][bookmark: _Toc78963809]Figure 5‑9: TCC Market operation [42]
The final parameter is the bidding cycle time or the amount of time between consecutive bids. This is also the time between setpoint changes in the zones. The bid cycle is defined by the user and can be set at virtually any duration. Changing the bid cycle will not affect the actual sequence of operations, but it can change the behavior of the system. A long bidding cycle time will result in the zone setpoints changing less often and make the system less dynamic overall. A long bidding cycle time may also increase the accuracy of the bid quantity. Small variations in the zone heat gains would be outweighed by the normal operation during the cycle. However, if there is a large heat gain variation then it could take a considerable amount of time for the bidding agent to increase the bid quantity to an appropriate level.  A short bidding cycle will be able to adjust to heat variations more quickly but will also result in a very dynamic setpoint.
[bookmark: _Toc75882956][bookmark: _Toc75886523][bookmark: _Toc75964574][bookmark: _Toc76028351][bookmark: _Toc76031897][bookmark: _Toc76032059][bookmark: _Toc76138311][bookmark: _Toc76138367][bookmark: _Toc76227604][bookmark: _Toc75882957][bookmark: _Toc75886524][bookmark: _Toc75964575][bookmark: _Toc76028352][bookmark: _Toc76031898][bookmark: _Toc76032060][bookmark: _Toc76138312][bookmark: _Toc76138368][bookmark: _Toc76227605][bookmark: _Toc75882958][bookmark: _Toc75886525][bookmark: _Toc75964576][bookmark: _Toc76028353][bookmark: _Toc76031899][bookmark: _Toc76032061][bookmark: _Toc76138313][bookmark: _Toc76138369][bookmark: _Toc76227606][bookmark: _Toc75882959][bookmark: _Toc75886526][bookmark: _Toc75964577][bookmark: _Toc76028354][bookmark: _Toc76031900][bookmark: _Toc76032062][bookmark: _Toc76138314][bookmark: _Toc76138370][bookmark: _Toc76227607][bookmark: _Toc78963752]Simulation results of EDR+TCC and EDR Comparison
The desired operation with this control strategy is to precisely control the cooling coil load while giving priority to certain zones. EDR is used for precise control of the cooling coil load. This is combined with TCC to give priority to certain zones. The combination of these two control strategies will be denoted as EDR+TCC.
The system with TCC was simulated under the same conditions as with the previous strategies. The simulation was of a hot summer day with the outdoor air temperature varying between 90-110°F.  The temperature setpoint was the same for all zones at 72°F. Each zone has a different maximum supply air flowrate. Zone A has the smallest maximum flowrate at 500 cfm followed by Zones B and C at 600 and 700 cfm.
In order to compare the results to EDR control operation, each zone was given a different priority. Zone A reached the highest temperature in the EDR results, so it was assigned the highest priority. Zone C was assigned the lowest priority. The priority was adjusted through the user defined ‘k’ value, given in Table 5‑2. The user defined comfort conditions were the same for each zone. The desired temperature was 72°F. The acceptable temperature range was between 68-78°F. the historical average bid price was set to 10 with a standard deviation of 0.5. 

[bookmark: _Ref75879545][bookmark: _Ref75879541][bookmark: _Toc78963828]Table 5‑2: TCC Simulation K values
	Location
	K

	Zone A
	9

	Zone B
	6

	Zone C
	3



The system was allowed to operate normally throughout the simulation except during peak hours. EDR+TCC was enabled at the start of peak hours and disabled at the end of peak hours. The cooling coil load setpoint during peak hours was 2 tons. The bidding cycle time was set to 15 minutes. The temperature response of all zones is given by Figure 5‑10. 
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[bookmark: _Ref75880381][bookmark: _Ref75880371][bookmark: _Toc78963810]Figure 5‑10: EDR+TCC Temperature Response of all Zones
Based on this response, the system appears to behave as desired. The temperature of Zone A is lower than all other zones. Zone C, the lowest priority zone, is warmer than the others. each zone follows the respective setpoint during and out of peak hours. All temperatures being maintained at the setpoint, even if the setpoint has increased, indicates that the cooling coil load is sufficient. If the cooling coil load were too small then, the temperature would not be maintained. This could happen under the given conditions if the EDR+TCC operating duration was extended.
The temperature response of EDR+TCC is compared to EDR only in Figure 5‑11. From this, it can be seen that zone with the smallest available flowrate reaches the highest temperature with EDR control. This behavior is avoided by prioritizing this zone with EDR+TCC operation. Zone C does reach an even higher temperature in this operation, but that is acceptable because the temperature remained within the user-define comfort bounds. 
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[bookmark: _Ref75881731][bookmark: _Toc78963811]Figure 5‑11: EDR+TCC and EDR Temperature Comparison
It can also be seen that the extent of overcooling in EDR is reduced in EDR+TCC operation. This can be explained by the desired supply air flowrate of each zone being regulated by the PI control loop. During EDR control, the temperature setpoint is held constant even though the temperature is increasing. This temperature error over an extended time results in the supply air flow setpoint increasing to the maximum value. At the end of peak hours, each zone will receive the maximum amount of supply air overcooling the zone and resulting in a large cooling coil load. 
During EDR+TCC operation, the supply airflow setpoint is continuously changing to maintain the new temperature setpoint. The supply airflow setpoint will only reach its maximum if the zone temperature cannot be maintained. At the end of peak hours, the zone setpoints will revert from the TCC setpoint back to the desired temperature. The supply airflow setpoint remains within reasonable values because there is not an extended period of temperature error.
The final consideration is the cooling coil load. It is expected to be precisely maintained because EDR control is still in use. The cooling coil load of all three control methods is given by Figure 5‑12.
[image: ]
[bookmark: _Ref75883344][bookmark: _Toc78963812]Figure 5‑12: EDR+TCC Cooling Coil Load Comparison
All three control strategies result in a reduced cooling coil load while active. EDR+TCC operation results in precisely controlled cooling coil load and a reasonable peak load of 4.8 tons when released. This shows a significant improvement over the peak load of 5.87 tons in EDR control. The load profile of each control method is unique, but the total heat transfer is very similar, as given in Table 5‑3. 
[bookmark: _Ref75884091][bookmark: _Toc78963829]Table 5‑3: 3-day cooling coil load
	Method
	3-Day Cooling Coil Heat Transfer

	SP Reset
	2.564 MMBTU

	EDR
	2.596 MMBTU

	EDR+TCC
	2.581 MMBTU



EDR+TCC shows the ability to prioritize the temperature of certain zones. It also results in precise control of the cooling coil load. A single test case was covered in this section to highlight the benefits of EDR+TCC compared to only EDR; however, this only touches the surface of EDR+TCC operation. A series of additional test cases were simulated and included in Chapter 5.4. 
[bookmark: _Ref75954932][bookmark: _Ref75954955][bookmark: _Ref75954959][bookmark: _Toc78963753] Simulation Results Under Different Scenarios of EDR+TCC Operation
EDR+TCC accomplishes the goals of precise load control and zone prioritization. A simple case is detailed in the previous section where all zones have similar operating and desired conditions. The only distinction between the zones was the prioritization. The given scenario may be very likely to occur with common desired conditions, but TCC offers much more customization. Multiple zones do not need to have the same comfort conditions or desired temperature. One zone could have a desired temperature of 72°F while another is at 68°F. The comfort ranges could also shift or be smaller or larger. For example, the range could be 65-85°F instead of 68-78°F.  
The system was simulated under a variety of user preferences to capture a wider range of behaviors. The series of tests are defined in Table 5‑4. Table entries are to compare the given parameter between all zones. A table entry of “same” indicates that that parameter is the same for all zones. The priority indicates which zone is prioritized by the use-defined value ‘k’. The tests can be broken down into three categories, show by different colors in Table 5‑4. Category 1 has varied maximum supply air flow rates between zones. Category 2 has unique desired temperatures, both during peak hours and normal operation. Category 3 has distinct comfort bands between the zones.



[bookmark: _Ref75885819][bookmark: _Toc78963830]Table 5‑4:EDR+TCC Test Conditions
	Parameter Comparison Between Zones

	Scenario
	Tdes
	Max supply flow
	Comfort Band
	Priority

	1
	same 
	unique
	same
	High flow zone

	2
	unique
	same
	same
	High temp zone

	3
	unique
	same
	same
	Low temp zone

	4
	same
	same
	unique
	small comfort band

	5
	same
	same
	unique
	large comfort band

	6
	same
	same
	unique
	none



[bookmark: _Toc78963754]Category 1 – Maximum Supply Airflow Switch from the lowest to highest priority zone
Category 1 is a continuation of the original EDR+TCC test case. Each zone has a different maximum supply air flowrate. All zones have the same desired temperature and comfort band. The cooling coil load during peak hours is limited to 2 tons. The original case prioritized the zone with the lowest flow rate. Scenario 1 prioritizes the zone with the highest flow rate. The pertinent testing conditions are provided in Table 5‑5.
[bookmark: _Ref75953925][bookmark: _Toc78963831]Table 5‑5: EDR+TCC Category 1 Test Conditions
	
	Tdes
	Comfort Band
	Max supply flow
	K

	Original

	Zone A
	72°F
	68-78°F
	500 cfm
	9

	Zone B
	72°F
	68-78°F
	600 cfm
	6

	Zone C
	72°F
	68-78°F
	700 cfm
	3

	Scenario 1

	Zone A
	72°F
	68-78°F
	500 cfm
	3

	Zone B
	72°F
	68-78°F
	600 cfm
	6

	Zone C
	72°F
	68-78°F
	700 cfm
	9



A one-day section of both scenarios is given by Figure 5‑13. It can be seen that the temperature is maintained lower in whichever zone is prioritized. The temperatures follow a very similar pattern based on the respective priority level. The highest priority zone is initially maintained well, then increases gradually through the remainder of peak hours. The temperature of the lowest priority zone increases quickly at the onset of peak hours. The zone temperatures of specific priority levels are approximately equal regardless of the maximum supply air flowrate.
[image: ]
[bookmark: _Ref75954008][bookmark: _Ref75953993][bookmark: _Toc78963813]Figure 5‑13: EDR+TCC Category 1 Temperature Response
[bookmark: _Toc78963755]Category 2 – Different Desired Temperature for Different Zones
Category 2 tests were constructed to see the system behavior when each zone has a unique desired temperature. Other conditions were held constant to highlight the effects of assigning unique desired temperatures. The maximum supply air flowrate was adjusted to 600 cfm for each zone. All zones were given the same comfort band size, which was calculated as the desired temperature plus or minus 4°F. There are two considerations for prioritization given these test conditions. The zone with the highest desired temperature could be prioritized, or the zone with the lowest desired temperature could be prioritized. The pertinent test parameters are provided in Table 5‑6.
[bookmark: _Ref75955942][bookmark: _Toc78963832]Table 5‑6: EDR+TCC Category 2 Test Conditions
	
	Tdes ± Comfort Band
	K

	Scenario 2

	Zone A
	75±4°F
	9

	Zone B
	72±4°F
	6

	Zone C
	69±4°F
	3

	Scenario 3

	Zone A
	75±4°F
	3

	Zone B
	72±4°F
	6

	Zone C
	69±4°F
	9



The temperature response of all zones for Scenarios 2 and 3 is given in Figure 5‑14. The temperature of the highest priority zone remains closest to the respective setpoint floating approximately 1°F regardless of the desired temperature. The lowest priority zone temperature increases by approximately 3°F. 
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[bookmark: _Ref75958259][bookmark: _Toc78963814]Figure 5‑14: EDR+TCC Category 2 Temperature Response
It may appear that the temperature response of a certain priority zone is similar regardless of the desired temperature of the prioritized zone; however, there are small variation between the scenarios. For example, when the low temperature zone is prioritized, other zone temperatures increase by a greater amount than when the higher temperature zone is prioritized. Consider Zone B which has the same priority in each scenario. The temperature float of Zone B reaches 1.3°F when the Zone A is prioritized and 1.5°F when Zone C is prioritized. This result is sensible because it will require more energy to maintain a zone at a low temperature. Important Category 2 results are summarized in Table 5‑7.



[bookmark: _Ref75958738][bookmark: _Toc78963833]Table 5‑7:EDR+TCC Category 2 Results
	
	Tdes ± Comfort Band
	Peak Temperature
	Temperature Float

	Scenario 2

	Zone A
	75±4°F
	75.9°F
	0.9°F

	Zone B
	72±4°F
	73.3°F
	1.3°F

	Zone C
	69±4°F
	71.6°F
	2.6°F

	Scenario 3

	Zone A
	75±4°F
	78.0°F
	3.0°F

	Zone B
	72±4°F
	73.5°F
	1.5°F

	Zone C
	69±4°F
	70.0°F
	1.0°F



[bookmark: _Toc78963756]Category 3 – Different Comfort Bands for Different Zones
Category 3 tests were constructed to consider the system response if each zone has the same identical temperature but unique comfort band ranges. The desired temperature is at the center of the comfort band. the comfort bands range in size from ±3°F to ±7°F. Other conditions such as the maximum supply air flowrate were held constant. Relevant test parameters are given in Table 5‑8.
[bookmark: _Ref75960399][bookmark: _Toc78963834]Table 5‑8: EDR+TCC Category 3 Test Conditions
	
	Tdes±Comfort Band
	K

	Scenario 4

	Zone A
	72±3°F
	9

	Zone B
	72±5°F
	6

	Zone C
	72±7°F
	3

	Scenario 5

	Zone A
	72±3°F
	3

	Zone B
	72±5°F
	6

	Zone C
	72±7°F
	9

	Scenario 6

	Zone A
	72±3°F
	6

	Zone B
	72±5°F
	6

	Zone C
	72±7°F
	6



Category 3 temperature responses are given by Figure 5‑15. The two primary factors that affect a specific zone temperature compared to the other zones are the comfort band size and priority level. Generally, the effects of the comfort band size outweigh the effects of the priority level. Zone A has the smallest comfort band and results in a smaller temperature float than other zones except when it is the lowest priority. Even when Zone A is the lowest priority, the temperature float is very similar to the higher priority zones. The root cause of this behavior can be explained by the bidding curve. If the comfort band is small, then even a slight increase in temperature can significantly impact the bid price. Conversely, a large comfort band causes a zone temperature increase to have low impact on the bid price. Category 3 temperature results are given in 





Table 5‑9. 
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[bookmark: _Ref75960441][bookmark: _Toc78963815]Figure 5‑15: EDR+TCC Category 3 Temperature Response
[bookmark: _Ref75963471]





[bookmark: _Toc78963835]Table 5‑9: EDR+TCC Category 3 Results
	
	Tdes±Comfort Band
	Peak Temperature
	Temperature Float

	Scenario 4

	Zone A
	72±3°F
	72.5°F
	0.5°F

	Zone B
	72±5°F
	73.2°F
	1.2°F

	Zone C
	72±7°F
	75.3°F
	3.3°F

	Scenario 5

	Zone A
	72±3°F
	73.8°F
	1.8°F

	Zone B
	72±5°F
	73.5°F
	1.5°F

	Zone C
	72±7°F
	73.4°F
	1.4°F

	Scenario 6

	Zone A
	72±3°F
	73.0°F
	1°F

	Zone B
	72±5°F
	73.6°F
	1.6°F

	Zone C
	72±7°F
	74.3°F
	2.3°F



EDR+TCC control offers numerous methods to prioritize certain zones or devices. The scenarios presented in this chapter only cover some of the control conditions that are likely to occur. In practice, combinations of the presented scenarios are likely to occur. The process of choosing appropriate control parameters, like an appropriate comfort band and priority level, presents new topics to study.

[bookmark: _Toc75964583][bookmark: _Toc76028360][bookmark: _Toc76031906][bookmark: _Toc76032068][bookmark: _Toc76138320][bookmark: _Toc76138376][bookmark: _Toc76227613][bookmark: _Toc76381673][bookmark: _Toc76395249][bookmark: _Toc76399236][bookmark: _Toc76404469][bookmark: _Toc76462311][bookmark: _Toc76464365][bookmark: _Toc76468557][bookmark: _Toc76468707][bookmark: _Toc76469019][bookmark: _Toc76469256][bookmark: _Toc76469813][bookmark: _Toc76471395][bookmark: _Toc76482346][bookmark: _Toc76483985][bookmark: _Toc76484089][bookmark: _Toc76575480][bookmark: _Toc76575633][bookmark: _Toc76575715][bookmark: _Toc78963757]Concluding Remarks
The state-of-the-art method to reduce the cooling coil load is to reset the zone temperature setpoints to a higher value. This method does indeed reduce the cooling coil load but has some undesired behavior. The cooling coil load is not controlled precisely. The transient response results in a sharp cooling load decrease followed by a less intense steady state response. The setpoint reset does allow for some prioritization between zones by adjusting the setpoints individually.
Energy demand response control is able to precisely control the cooling coil load within 0.1 tons (add a percentage would be better too) in the experimental test. The cooling coil load in experimental tests is reduced very quickly compared to the setpoint reset test. This could be very beneficial in scenarios when the load must be reduced immediately such as during a grid emergency. The faster cooling coil load response reduces the need for scheduling in advance. Scheduling is still preferred especially if a precooling strategy is to be used. The main drawback of EDR control is that there is no way to prioritize specific zones. All terminal box dampers will open fully allowing the supply air to be distributed based on physical properties of the system.
Energy Demand Response control combined with Transactive Control and Coordination addresses the deficiencies of the previous control strategies. EDR control precisely controls the cooling coil load, and TCC provides a way to prioritize certain zones. It was noted that the peak cooling coil load upon the control release was reduced from the EDR control response. Transactive control allows the user to specify the desired temperature, an acceptable temperature range for comfort, and a preference between energy savings and cost savings. 
[bookmark: _Toc76462313][bookmark: _Toc76464367][bookmark: _Toc76468559][bookmark: _Toc76468709][bookmark: _Toc76469021][bookmark: _Toc76469258][bookmark: _Toc76469815][bookmark: _Toc76471397][bookmark: _Toc76482348][bookmark: _Toc76483987][bookmark: _Toc76484091][bookmark: _Toc76557052][bookmark: _Toc76557728][bookmark: _Toc76559039][bookmark: _Toc76559194][bookmark: _Toc76559349][bookmark: _Toc76559646][bookmark: _Toc76561330][bookmark: _Toc76575482][bookmark: _Toc76575635][bookmark: _Toc76575717][bookmark: _Toc78963758] Future Work
The first plan for future work is to integrate a virtual flow meter, as proposed by Song et Al., into EDR control. The virtual flow meter would calculate the chiller water flowrate from values that are measured more commonly. The water flowrate could be determined by the system characteristic curve, the differential pressure across the chiller water control valve, and the valve position [46]. This would eliminate the need to install a physical flow meter and make EDR control implementation easier to roll out.
[bookmark: _Toc78963759]Scale up EDR+TCC 
The implementation of EDR+TCC can be scaled up to a higher system level. EDR+TCC is currently only designed up to the AHU level. This can be taken even further with the creation of additional markets. All AHUs in a building would bid for chilled water from a chiller market. The chiller would bid from the electricity market at the highest level [41, 44]. The AHU would also bid at the electricity market for electric components like the fan. Lower level market limits would calculate the market limit based on the cleared price from upper level markets. 
[bookmark: _Toc78963760]Validate EDR+TCC Experimentally
EDR+TCC control was simulated under numerous conditions but was not validated experimentally. Experimental results would increase trust in the results. EDR+TCC operation was not tested experimentally due to the limitations of the experimental test bed control system. The test bed uses a control system common to commercial HVAC systems which provides a good comparison to actual commercial system, but also has certain drawbacks for research purposes. The system is designed to be cost effective and only needs to meet the basic control needs. The common operations include simple control loops, scheduling, basic mathematics, but it cannot handle complex calculations and sorting as needed by TCC. The leading idea is to transmit the necessary data from the control system to a secondary device like a raspberry pi. The secondary device would be responsible for performing the calculations of the bidding agents and the market agents. It would then return the new zone temperature setpoints to the building control system. This process would repeat each bidding cycle. The transmission could be accomplished through standard protocols like Lon talk, BACnet, or Modbus.
[bookmark: _Toc76462317][bookmark: _Toc76464371][bookmark: _Toc76468563][bookmark: _Toc76468713][bookmark: _Toc76469025][bookmark: _Toc76469262][bookmark: _Toc76469819][bookmark: _Toc76471401][bookmark: _Toc76482352][bookmark: _Toc76483991][bookmark: _Toc76484095][bookmark: _Toc76557056][bookmark: _Toc76557732][bookmark: _Toc76559043][bookmark: _Toc76559198][bookmark: _Toc76559353][bookmark: _Toc76559650][bookmark: _Toc76561334][bookmark: _Toc76575486][bookmark: _Toc76575639][bookmark: _Toc76575721][bookmark: _Toc76462318][bookmark: _Toc76464372][bookmark: _Toc76468564][bookmark: _Toc76468714][bookmark: _Toc76469026][bookmark: _Toc76469263][bookmark: _Toc76469820][bookmark: _Toc76471402][bookmark: _Toc76482353][bookmark: _Toc76483992][bookmark: _Toc76484096][bookmark: _Toc76557057][bookmark: _Toc76557733][bookmark: _Toc76559044][bookmark: _Toc76559199][bookmark: _Toc76559354][bookmark: _Toc76559651][bookmark: _Toc76561335][bookmark: _Toc76575487][bookmark: _Toc76575640][bookmark: _Toc76575722][bookmark: _Toc78963761]Investigate Limitations of EDR+TCC
Further work needs to be conducted to investigate the limitations of EDR+TCC. Observations from the simulation provide insights to areas to examine. TCC tends to work better as the number devices or zones increase. This creates a more stable market and makes the system steadier. 
TCC only may not sufficiently limit the power if the desired reduction is too great. Once the zones reach the maximum comfort bound, the temperature must be maintained regardless of the load. EDR+TCC will strictly limit the cooling coil load but may not maintain the comfort conditions. This condition could be explored to find which condition should be the top priority.
Successful operation of TCC requires that the market is competitive. The market may become non-competitive if all zones are satisfied. If the zones are satisfied, then the bid prices will be low. A sufficient amount of low bid prices will result in a low clear price. A low clear price will cause low temperature setpoints because of the bidding curve. These low setpoints will then increase the cooling coil load. The market cannot function and results in too high of a load if it is not competitive. Introducing EDR to a sufficient extent forces the market to be competitive because the load is strictly controlled.
The results from this study and areas of future study make energy demand response control, alone and combined with TCC, a promising subject to study further.
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Figure 4. Illustration of multiple commodity markets inside a commercial building.
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