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ABSTRACT

The electric grid of the future is envisioned to be a smart grid, where electricity is
managed in coordinated manner between suppliers and users. To achieve this, a high level of
electric demand flexibility must be integrated into our building infrastructure. In the U.S., 9% of
all electricity generated is used to cool buildings, making this end-use an ideal target for active
management through cool thermal energy storage (CTES) technologies. Historic uses for CTES
are designed around central chilled water plants, but these systems cool less than 25% of U.S.
commercial floorspace. Emerging technologies are under development to serve the many smaller
distributed cooling systems, such as rooftop units (RTUs), and have the potential to add CTES to
an additional 66% of cooled commercial floorspace. However, these unitary thermal storage
systems (UTSS) lack the modeling and analysis tools to evaluate them in the future interactive

grid context.

The purpose of this research is to develop the modeling and optimization tools necessary
to not only examine UTSS within specific building applications, but also within the multi-
building, connected community context. To do so, new simulation tools for the U.S. Department
of Energy’s OpenStudio energy modeling platform are developed, and a novel mixed-integer
linear program is devised to optimize the design and dispatch of multiple CTES technologies,
both UTSS and central systems. An integrated simulation-optimization workflow is created to
allow for rapid customized analysis. Several case studies are presented illustrating the benefits of
community-scale optimization and the impacts of storage costs and utility rate structure on CTES
design and dispatch. CTES modeling results, demonstrating the energy and flexibility tradeoffs
of various implementations are presented. Optimization results are described in terms of
minimum cost, optimal design, and optimal dispatch, with analysis on the CTES impacts on the
aggregated community electricity use. It is further demonstrated that community-scale
optimization yields greater cost savings potential than an individual-building approach and that

certain CTES technologies are more appropriate for different demand-response cost signals.
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CHAPTER 1
INTRODUCTION

Across the United States, 36 states have implemented mandates for renewable energy
generation over the next several decades, with another eight states implementing renewable goals
[1]. With the integration of these new renewable systems comes variability in power generation.
California, with its large penetration of solar photovoltaics (PV), has already encountered an
excess of mid-day PV generation, a phenomenon which has shifted peak electricity generation
costs into morning and evening hours [2, 3]. Vermont, too, has a similar “duck curve” electric
demand profile [4]. Other regions of the country, especially the Great Plains states, have large
wind potential, which is typically realized during nighttime hours [5]. While each region will
uniquely integrate renewables into its energy generation portfolio, all must manage the
corresponding variation, thus creating uncertainty for those who make design decisions based on

energy cost forecasts.

To plan for future, long-term infrastructure, like buildings, must be designed to be
flexible in its energy use. To accomplish this, the U.S. Department of Energy envisions a grid-
interactive efficient building (GEB) paradigm. GEB are energy efficient buildings with smart
technologies, characterized by the active control of distributed energy resources (DERs) to
optimize energy use for grid services, occupant needs and preferences, and cost reductions in a
continuous and integrated way [6]. GEBs are differentiated from individual high-performance
buildings (such as Net-Zero Energy [7] or Passivhaus [8]) in that they serve as dynamic partners
with the grid, providing active electrical load management through load shedding, load shifting,

or even load modulation [6].

In the United States, building cooling loads provide a significant challenge and
opportunity for the flexible grid future. Approximately 9% of annual electricity generation in the
U.S. is used for air-conditioning, and during summer months can drive upwards of 50% of peak
electrical demand for a building [9, 10]. These cooling loads provide a challenge because they
often do not coincide with times of peak renewable energy generation. Due to the thermal mass

of buildings, cooling loads often peak several hours after maximum PV generation, which is
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illustrated by the California duck curve mentioned above. However, these loads also provide a
flexibility opportunity, as they can be actively controlled through cool thermal energy storage
(CTES). CTES systems are used to shift a portion of a building’s electricity use out of expensive
“on-peak” hours and into lower-cost “off-peak” periods. There are a variety of CTES
technologies on the market and under development, but stratified chilled water (sensible storage)
and ice (latent storage) are the two dominant mediums. There is a significant body of work
covering the models, simulation with building HVAC systems, and optimized design and control

for CTES.

Nevertheless, the current body of research does not fully address the needs of a flexible
grid. Nearly all the research has focused on integrating CTES with central chiller plants. Only
25% of U.S. commercial floorspace is cooled exclusively using central cooling plants. About
66% of commercial floorspace is cooled using packaged air-conditioning systems that are
typically installed on the roof, frequently called rooftop units (RTUs) [10]. The GEB paradigm is
not exclusive to large buildings with central plants or to district cooling systems, but must also
include this much broader set of smaller buildings that use distributed HVAC equipment.
Development of new technologies to provide “packaged” CTES that can be used in distributed
manner is underway [11, 12], but has yet to establish an enduring market presence [13]. These
packaged CTES are categorized as unitary thermal storage systems (UTSS), and this term is
often used to differentiate distributed CTES from the broader category [14]. As these new

systems begin to enter the market, two key questions need to be answered:

= How should packaged thermal storage systems be integrated and controlled across
a community of GEB to achieve energy flexibility objectives?
= How should these packaged systems coordinate with central CTES technologies

in the community context?

Because the value of CTES is dependent on a litany of factors, including local weather,
building construction, building operation, utility rates, hardware costs, and overall flexibility
objectives, the answers to these questions are best addressed through building energy modeling
(BEM) and thermal storage optimization. This research aims to generate a simulation-

optimization workflow that can be applied to a wide range CTES technologies, including both



UTSS and central CTES systems. Using this workflow, the above questions may be answered for

a broad range of thermal storage scenarios. The goals of this work are to:

1. Create the modeling and simulation tools necessary to evaluate the flexibility
potential of multiple CTES technologies working in concert across a connected
community. This includes:

a. Developing simulation tools for unitary thermal storage systems (packaged
CTES) and central CTES using DOE’s open-source building energy
simulation software.

b. Creating optimization formulation(s) to design and dispatch multiple thermal
storage systems across a connected community, subject to energy balance and
device performance constraints, and using input parameters from building
energy simulation.

2. Demonstrate the potential value of CTES (both packaged and centralized) across a
connected community to meet flexibility objectives. This is achieved by applying the
above tools to example connected communities and evaluating the optimized
community performance compared to individual building design approaches, both

with and without CTES.

In demonstrating the various developments of the simulation and optimization tools, this
research employs ice-based cool thermal energy storage technologies. This restriction is made
for several reasons: (1) the only available UTSS on the market are ice-based [15]; (2) charging
an ice tank imposes a more significant off-design operating condition for chillers, compared to
charging a stratified chilled water tank [16]; and (3) under approximately 7,000 ton-hours of
CTES capacity, ice is generally more economical [17], and therefore more appropriate for the
majority of buildings for which these analysis tools are intended. Therefore, this thesis focuses
exclusively on the ice-based CTES technologies. The remainder of paper is organized into the

following chapters:

2. SUMMARY LITERATURE REVIEW contains a brief high-level literature review
covering load flexibility metrics, available CTES technologies, CTES modeling
within building energy simulation, and CTES optimization at the building and

community scales.



. RESEARCH PLAN outlines the main research tasks and presents an overview of the

over-arching project methodology.

. ENERGY AND COST ASSESSMENT OF PACKAGED ICE ENERGY STORAGE

IMPLEMENTATIONS USING OPENSTUDIO MEASURES is a journal paper
published in Energy and Buildings that presents and demonstrates a UTSS modeling
tool for the OpenStudio building energy modeling software. This scripting tool, called
a “measure,” automates and simplifies the process of adding packaged ice energy
storage to building models and controlling them in simulation based on user-inputs.
Because the efficacy of CTES is highly dependent on control strategy, this tool allows
rapid parametric evaluation of different UTSS capacities and controls within a single

building.

. MODELING THE LOAD FLEXIBILITY POTENTIALS FOR ICE ENERGY

STORAGE is a conference paper presented at the 2020 Building Performance
Analysis Conference and SimBuild in which a measure for modeling central ice tanks
in OpenStudio is presented. Combined with the measure presented in CHAPTER 4,
this work helps address CTES questions through an iterative energy simulation

approach.

. DESIGN AND DISPATCH OPTIMIZATION OF PACKAGED ICE STORAGE

SYSTEMS WITHIN A CONNECTED COMMUNITY is a journal paper published
in Applied Energy presenting a mixed-integer optimization program for the design
and dispatch of UTSS across a connected community. The paper integrates
community-scale building energy simulation and optimization to place, size, and
control UTSS at any of the rooftop units (RTUs) within a community of grid-
interactive buildings, each containing multiple RTUs. The community-scale
optimization is demonstrated to provide greater economic savings compared to

optimizing thermal storage at each building individually.

. DESIGN AND DISPATCH OF CENTRAL ICE STORAGE SYSTEMS ACROSS

MULTIPLE CHILLED WATER PLANTS extends the methodology used in

CHAPTER 6 to apply to centralized ice storage systems attached to chilled water
plants. The unique features presented in this chapter are a method to linearize the
chiller efficiency curves at each timestep and a methodology to optimize multiple
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chilled water plants simultaneously. This optimization workflow is demonstrated on
two chilled water plants located on the Colorado School of Mines campus under

interruptible electric utility rate scenarios.

. INTEGRATED SIMULATION-OPTIMIZATION WORKFLOW COMBINING

DISTRIBUTED AND CENTRAL THERMAL STORAGE SYSTEMS combines the
work of the previous two chapters into an integrated workflow. This allows
simultaneous evaluation and comparison of different CTES technologies across a
connected community. The optimization formulation is further improved to include
explicit electrical flexibility constraints. A five-building case study is evaluated

under several utility rates.

. CONCLUSIONS AND FUTURE WORK summarizes the main contributions of this

research and proposes areas for further inquiry.

APPENDIX A. OPENSTUDIO MEASURES FOR PACKAGED AND CENTRAL ICE

THERMAL ENERGY STORAGE SIMULATION IN ENERGYPLUS contains links
to the published code for two ice-based CTES simulation tools. These tools allow
rapid parametric examination of CTES designs and controls within the U.S.
Department of Energy’s EnergyPlus simulation software. These files were used to

generate the results presented in Chapters 4 and 5.

APPENDIX B. CODE FOR CTES OPTIMIZATION IN A CONNECTED

COMMUNITY includes the AMPL files required to execute the UTSS optimization

program.



CHAPTER 2
SUMMARY LITERATURE REVIEW

Optimal design of cool thermal energy storage (CTES) systems in the GEB paradigm
requires: (1) well defined flexibility metrics, (2) sizing and control methodologies that are
appropriate for the proposed technology in the new environment, and (3) readily accessible
modeling tools with which to evaluate system performance. Each is briefly reviewed here. A
short literature review on optimization of CTES as a distributed energy resource within a
connected community is also provided. Additional, more focused, literature review is provided in

each of the chapters containing articles.

2.1 Load flexibility metrics

GEB requires buildings that can provide some level of demand flexibility. While demand
flexibility has been an area of research for several years, it is still lacking industry consensus.
From the grid-perspective, load flexibility has been previously described by ramp rate, duration,
power, and energy metrics [18]. DOE Buildings Technology Office (BTO) defines four proposed
metrics, of which three apply to CTES: energy efficiency [kWh/m?], load shifting [kWh/day],
and load shedding [kW/event] [6]. Load shifting is the traditional function of ITS today, moving
daytime on-peak cooling electricity to nighttime off-peak hours. Energy efficiency gains may
simultaneously be achieved relative to a baseline (non-CTES) system. Other studies focused on
characterizing building demand flexibility by load categories [19], temporal constraints [20], or

preparation and rebound implications [21].

Two key gaps are missing from the above metrics: (1) one glaring absence from the DOE
metrics is a load addition metric, needed to characterize how a building with energy storage
might assist the grid by absorbing excess renewable generation; and (2) the load shed metric is
evaluated on a single event basis, rather than as a building characteristic, making it difficult to

use as a design criterion.

2.2 Sizing and Control of Cool Thermal Energy Storage

Current CTES sizing protocols size chillers and ice tanks based on a design-day cooling

load, using simplified equations, followed by an iterative energy analysis to ensure system-

6



specific mass and energy balances converge. Component sizing is a function of control strategy,
which may be full-storage, partial-storage — load limiting, or partial-storage — demand limiting
[17]. This sizing method is based on predicted energy use, making it an adequate approach for

achieving load shifting objectives.

Research into CTES sizing is less common, generally assuming chiller and ice tank
storage capacities based on design-day sizing with no previous work on communities of
buildings with distributed cool thermal energy storage. Most CTES research is focused on
controls; however, a few recent studies have attempted to produce optimal CTES component

sizes for given building loads, weather locations, and cost signals [22-24].

There 1s a myriad of optimal controller studies associated with cool thermal energy
storage, each using a unique cost function and system configuration. Several optimal controllers
have been presented for management of I'TS operating under variable price signals [25-28].
Some studies improve accuracy by performing the control via co-simulation with a white-box
BES [29]. One recent study proposed a control sequence designed to support the increase of
renewables on the grid by using cool thermal storage, assessed parametrically considering a 20-
year planning horizon [30]. At the campus, district, and community scales, all studies analyze or
optimize central chilled water (sensible) systems, rather than ice [31-34], though ice-based
systems are used in campus cooling loops [35]. However, there are no studies optimizing
distributed CTES, and UTSS have been completely neglected from both sizing and control
studies. To date, this review found only two studies [15, 36] that address the potential value of

UTSS, despite their emerging presence in the market [11, 37].

The limitation of studies to-date is their custom nature, particularly for the integration of
the CTES within the building models; this makes it difficult to apply the results into real-world
applications. The exceptions to this are studies that evaluate rule-based controls against optimal
controllers to provide comparative insight into high-level control strategies. One, in particular,
found that a chiller upstream, storage priority discharge strategy approaches optimal minimum

energy use for CTES under partial-storage operation [38].



Two gaps exist with regards to CTES sizing and distribution: (1) no sizing schemes yet
account for flexibility requirements, and (2) there is no methodology to simulate and optimize

multiple CTES systems distributed across a connected community.

2.3  Modeling CTES in Building Energy Simulations (BES)

Most building energy simulation platforms have CTES models [39-43], but they are not
yet available in a format permissive for rapid parametric analysis of various designs and controls
in specific applications. Control deficiencies further complicate the evaluation of CTES within
building energy simulation (BES). For example, within EnergyPlus, simple control sequences
require custom scripting to obtain proper model performance. As a result, industry has avoided
using the powerful BES tools for CTES design, instead relying on simplistic sizing equations
based on design-day load shifting [17]; this is insufficient for the interactive grid. To facilitate
flexibility analyses, improved tools that make CTES models accessible and easily controllable

within BES are required.

24 Optimizing CTES as a Distributed Energy Resource (DER)

As noted, CTES has been examined as a plant loop resource, whether the chilled water
loop serves one building or an entire district; however, a research gap remains for considering
the potential value of multiple, coordinated CTES systems meeting different loads across a
community. Several distributed energy resource (DER) design and control programs exist, but do
not yet consider both central CTES and UTSS. These include Renewable Energy Optimization
(REopt) [44], Hybrid Optimization Model for Electric Renewables (HOMER) [45], Distributed
Energy Resources-Customer Adoption Model (DER-CAM) [46], and Xendee [47].

A few recent studies show how CTES can be integrated to provide a grid service, such as
reducing power generation costs [48] or facilitating renewable penetration and utilization [30,
49]. Yet these also do not address the multiple CTES technologies working in concert across a

connected community.



CHAPTER 3
RESEARCH PLAN

The core of this dissertation focuses on developing and exercising a methodology to
optimally design (sizing and location) and dispatch a variety of ice thermal energy storage
devices for use in grid-interactive connected community. Figure 3-1 below shows the workflow
highlighting the design, verification, and evaluation aspects of the project. Given a set of
electrically connected buildings, CTES system designs are produced via both iterative simulation

and mathematical optimization.

l Iterate

=
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Figure 3-1: The two main methodologies employed by this research project. The upper path is an
iterative approach to sizing and controlling cool thermal energy storage (CTES) in buildings via
energy simulation. The lower path begins with energy simulation results and then optimizes the
CTES design and dispatch to achieve a minimum cost solution. The italics indicate the chapter in
which a specific topic is presented.

The upper path, or the Building Energy Simulation path, is a parametric approach to
CTES design and requires the ability to simulate various CTES types, configurations, and

controls in an efficient manner. To accomplish this, special scripts, called measures, for the



open-source OpenStudio® building energy simulation platform are developed, tested, and

published.

The lower path, or the Optimization path, begins with a building set without storage and
optimizes the design and dispatch of CTES across the community via mixed-integer linear
programming to achieve a minimum annual cost. The cost functions of interest for this project
are those associated with incentivizing electrical load shifting via a demand-response signal. The
optimization produces an ideal distribution of UTSS or central ice storage tanks, as applicable. It
also returns the optimal control schedule for the input cost function. CHAPTER 6, CHAPTER 7,
and CHAPTER 8 present the incremental development of the integrated simulation-optimization

framework.

3.1 Research Tasks

This research is divided into four key tasks as follows:

1. Perform literature review and define load flexibility metrics: This task consists of
performing a literature review of existing and proposed load flexibility metrics for
buildings and synthesizing the results into useful inputs for evaluating CTES designs.
Contributions from this task are load-add metrics and seasonal or comprehensive
add/shed characterizations for buildings with thermal storage. A high-level literature
review is included as Chapter 2, with greater detailed literature reviews included in
the chapters containing journal papers. Flexibility metrics are presented throughout,
but load add and load shed characterizations are explored in detail in CHAPTER 5.

2. Develop cool thermal energy storage (CTES) simulation tools: This task consists of
computer programming script development (aka “writing measures”) to allow for
rapid simulation of ice thermal energy storage systems using DOE’s OpenStudio and
EnergyPlus building energy modeling platforms. Contributions from this task are two
ice-storage measures, one for UTSS and one for central CTES, tested, packaged, and
published to the Building Component Library maintained by NREL. The UTSS
measure is presented in CHAPTER 4; the central CTES measure is demonstrated in

CHAPTER 5. The latest versions of each measure are maintained by NREL as part of
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the OpenStudio load flexibility measures gem [50], with file locations noted in
APPENDIX AO.

Develop mixed-integer programs to optimally design and dispatch CTES: This is the
primary task of the research and addresses the main research question identified in the
proposal — namely, what is the potential value of CTES as a distributed energy
resource in a connected community. This task develops a framework that optimally
designs and dispatches multiple CTES technologies within a connected community.
Due to fundamental differences in the operation of centralized water-side and
distributed air-side cool thermal energy storage devices, the optimization will be
divided into two formulations: (1) [Distributed] UTSS and (2) Central CTES. The
general optimization objective is to obtain a minimum cost CTES design, while
meeting building cooling load, hardware performance, and demand flexibility
constraints. The contributions of this task are three optimization formulations and
their associated pre/post-processing scripts. A journal paper, presenting a simulation-
optimization workflow for UTSS within a connected community, is included as
Chapter 5. The Central CTES program and its associated pre-processing methods, is
presented in CHAPTER 7.

Complete and package the simulation-optimization workflow: This task integrates
the two distinct UTSS and Central CTES programs into a single simulation-
optimization workflow. This permits comparisons between air and water-side thermal
storage technologies in specific community contexts. The final optimization
formulation and its application are presented in CHAPTER 8. The various scripts
required for workflow execution are publicly available online as noted in APPENDIX

B.
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CHAPTER 4
ENERGY AND COST ASSESSMENT OF PACKAGED ICE ENERGY STORAGE
IMPLEMENTATIONS USING OPENSTUDIO MEASURES

A paper published in Energy and Buildings [51]. Rights managed by Elsevier.

Karl Heine, Paulo Cesar Tabares-Velasco, and Michael Deru

4.1 Abstract

As renewable portfolio standards enforce the expansion of renewables on the U.S. grid in
the coming years, old storage technologies must be re-evaluated for a dynamic, interactive future
grid. Ice thermal storage, traditionally for diurnal load shifting on large central chiller plants, is
also viable in packaged devices for most buildings that lack central plants. However, modeling of
these unitary thermal storage systems (UTSS) has been very limited to-date. To help make
packaged thermal storage modeling more accessible, this paper presents a recently developed
OpenStudio measure for rapid analysis of UTSS. Using this measure, we assess the UTSS
implementation in new and retrofit retail buildings with both packaged single zone air
conditioners (PSZAC) and packaged variable air volume (PVAYV) systems. Each implementation
is evaluated on annual energy use, fan energy use, load shifting efficiency, daily unused ice
availability, and potential cost savings under various time-of-use rates. Deficiencies with
schedule-based control are highlighted by comparing the daily unused ice and the cooling-
electricity load duration curve. Annual energy use increases by 1.2-3.7%, but on-peak electric

demand is reduced by 32.2-36.6%.

4.2 Introduction and literature review

The increased market penetration of distributed renewable energy generation poses
several new challenges to the grid, in particular: (1) the intermittent nature of wind and solar
power sources can lead to large, rapid variations in the electrical demand from the power grid
throughout the day; (2) regions with large solar generation suffer from large end-of-day ramp
requirements as residential loads increase coincidentally with sunset. As the majority of states in

the U.S. implement Renewable Energy Portfolio Standards (RPS) in the coming decades [1],
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electricity generation costs will become more variable, and storage requirements will greatly
increase to accommodate the variable generation. This storage may be installed at the utility-
level or it may be distributed across the grid, as envisioned by the Department of Energy’s grid-
interactive efficient building program [6]. While batteries remain the most versatile electricity
storage platform, thermal energy storage (TES) can also play a role in grid flexibility, as batteries
have higher capital and embodied energy costs making them prohibitive for ubiquitous behind-

the-meter storage applications [52, 53].

Cool thermal energy storage (CTES) is a proven technology for providing flexibility
through diurnal load shifting. When properly sized and controlled, chillers with ice-based CTES
systems can provide both energy-use and energy-cost savings relative to systems without storage
[17]. The potential energy and cost impacts of controlling building cooling loads with CTES
under traditional utility rates are well documented [25-29], and cost savings can be significant
when under time-of-use electricity rates [16, 26, 54]. While CTES applications extend beyond
space cooling to include commercial refrigeration processes [55, 56], turbine inlet cooling [57,
58], and industrial applications [17], it remains primarily a technology for temporally shifting the
electricity use required for cooling buildings. This shifting may be provided by either sensible or
latent mediums. Sensible CTES are predominately stratified chilled water tanks connected to
district cooling systems. Tank sizes vary substantially, ranging from ~200,000 gallons to over 15
million gallons. When serving individual buildings or smaller chiller plants, latent storage via ice
is more frequently used due to space and economic constraints [17]. Though water and ice
dominate, other storage phase-change materials (PCMs) are both currently available on the

market and under active research [59-64].

CTES has been traditionally employed at central chiller plants, yet only 25% of U.S.
commercial building floorspace is cooled exclusively by central chillers or district systems [10].
Packaged thermal storage units, called unitary thermal storage systems (UTSS), differ from a
central “tank farm” and are designed to bring thermal storage to the smaller buildings that do not
use central plants. An estimated 66% of U.S. commercial floorspace is cooled using equipment
compatible with UTSS [10]. UTSS are fairly new implantation of CTES technology, with ice-
based devices entering the market in 2010 [65]. These were successfully used as public utility

assets in California to help address their existing duck-curve [37], but struggled to achieve
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success in the consumer market [13]. Other, packaged thermal storage designs using new PCMs
are currently under development [11, 54, 66]. Nevertheless, UTSS of any variety have not yet

successfully penetrated the air conditioning market.

One of the challenges facing UTSS is a lack of technical analysis on possible
implementations under the grid-interactive efficient building (GEB) paradigm. As with any type
of energy storage, the efficacy of UTSS depends not only on the design of the storage medium,
but also on how it is implemented within the building. Building type, climate, installed cooling
equipment, type of air distribution system, occupancy, thermal loads, electric utility rate, control
strategy, and owner energy goals all impact how effective a particular storage technology may be
[15, 17]. To make such case-specific evaluations, rapid, flexible modeling tools for UTSS are
needed. However, very little has been published on the modeling and application of UTSS at the
building level. Because UTSS contain their own internal charging equipment and are
incorporated into the air-side of an HVAC system, they require different component models than
an ice-tank object which is charged by an external chiller and integrates with a chilled-water
loop. To date, the available experimentally-derived performance curves for modeling UTSS are

extremely limited.

The most comprehensive work on UTSS to-date is a study that developed an EnergyPlus
model object for the ice-based UTSS [36]. This UTSS object, with a set of ice-based
performance curves, is integrated into EnergyPlus distributions as a single-speed cooling coil,
called “Coil:Cooling:DX:SingleSpeed: ThermalStorage™ [40]. However, this object is not readily
accessible through any of the graphical user interfaces that employ EnergyPlus as their
underlying simulation engine, including DOE’s OpenStudio [67], making it effectively invisible
to modelers. The alternative is to use an external UTSS model via co-simulation tools such as the
Building Controls Virtual Test Bed [68] or a Functional Mockup Interface [69], but no studies
have been published on UTSS using this method. The general inaccessibility of the existing

models has limited the performance analysis which has been conducted on UTSS to date.

This study addresses these simulation gaps with the following two objectives: (1) present
an improved method of rapidly modeling packaged thermal storage units and (2) assess the
energy and cost impacts of adding ice storage to buildings with both centralized and

decentralized air conditioning distribution systems. The novel contributions of this study include:
14



(1) development of new OpenStudio measure for parametric analysis of UTSS design and
controls, (2) inclusion of fan pressure rise requirements in modeling the UTSS, (3) detailed
energy use and efficiency analysis of realistic UTSS implementations in both packaged variable
air volume (PVAYV) and packaged single zone air conditioner (PSZAC) systems, and (4) a UTSS

economic analysis using five time-of-use energy cost multipliers.

4.3 Methodology

To achieve this chapter’s two objectives, the methodology is divided into four
subsections. First, an overview of the OpenStudio measure developed for this project is
presented. Second, we describe four example buildings used as a demonstration case and their
pertinent subcomponent models. Third, we create a set of example utility rates and define a
thermal storage control sequence that mitigates cooling electricity use during on-peak hours.

Finally, we define the metrics used in assessing the UTSS performance in each building.

4.3.1 The OpenStudio measure

This study develops a simulation tool for packaged ice storage systems (aka UTSS) using
the EnergyPlus building energy modeling platform. The simulation tool is an OpenStudio
measure that makes the EnergyPlus packaged ice storage object easily accessible to users within
the OpenStudio Application and Parametric Analysis Tool. The measure is published under the
name “Add Packaged Ice Storage” and is included with the OpenStudio Load Flexibility
Measures gem [70]. The packaged thermal storage component is the Coil:Cooling:SingleSpeed:
DX:ThermalStorage, hereafter denoted as the UTSS object. It is a compound object that includes
a direct-expansion (DX) cooling coil, a separate UTSS refrigerant coil, the ice storage tank, and
all associated performance curves and parameters. The coil can be placed into any EnergyPlus
CoilSystem:Cooling or AirLoop:HVAC container object for placement in an air loop. Six
operating modes, listed in Table 4-1 on the following page, are available within EnergyPlus and

are actuated through an integer schedule value.
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Table 4-1: UTSS object operating modes available in EnergyPlus

Mode Description DX Availability ~ UTSS Operation
0 System Off Off Off
1 Cooling Only Available Off
2 Cooling and Charge Available Charging
3 Cooling and Discharge Available Discharging
4 Charge Only Off Charging
5 Discharge Only Off Discharging

Unitary Thermal Storage Unit Packaged Rooftop Unit

Existing

Thermal Storage Cooling System

UTSS Coil

)
+— C
cC
C £
v o
Q0 oo
£ 2
&Jm

Figure 4-1: Packaged RTU augmented with UTSS. The RTU components are outlined in black
dotted line; the UTSS components are outlined in blue dashed line. The EnergyPlus UTSS object
contains all the components outlined in red.

Using the ice-based performance data publicly available in EnergyPlus 9.3 example file
“RetailPackagedTESCoil.idf,” operating modes 0, 1, 4, and 5 are accessible within the measure.
Operating modes 2 and 3 require performance curves generated from the specific partial-storage
operating point of the combined DX and UTSS. No example open-source curves are currently
available for these operating modes, and development of such curves exceeds the scope of this
project. Figure 4-1 shows the schematic of a packaged rooftop unit (RTU) with an integrated
UTSS, and highlights in red the physical components that are included within the UTSS object.
The UTSS contains a thermal storage tank filled with water/ice and a collection of submerged

heat exchange coils. The latent energy storage in the ice serves as a nearly uniform temperature
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reservoir for heat rejection from a refrigerant that is used to both charge and discharge the ice
tank. During ice charging mode, the refrigerant is circulated between the UTSS-internal
compressor and the storage tank in a vapor compression cycle using the ice as the evaporator.
During ice discharge mode, the refrigerant is pumped between the storage tank and a cooling coil

placed into the RTU airstream to provide zone cooling.

Inputs Run TES on the weskends
Select Coils to Replace: Salact If bulding |5 cocupiad on weskends

Coil Cooling DX Single Speed 1 Select seas0n during which the ice coaling may be used
Us2: MM/DO-MM/DD format

Input the ica storage capadity [ton-hours) |':'1"I|:'j"-'2"I31 |

To sparify by coll, In aiphebetical order, snter ualues for sach separated by comma.

| Input start time for iz charge (hrimin)

|Aut|:-5ize Lise 24 hour format

Entar a sizing multipher to manually adjust the autosize results for ice tank | 200 |
caparities

Input end tme for ice charge (hr:min)
| sz 24 fhour format

[07:00 |

[1.0

Selact ice storage control methad
Input start time for ice discharge (hrimin)
Usz 24hour fonmat. I “AuboStas’ |5 seiachar for kom capacily, these Inpuls =t an o= capadty sizing fachor.

l Emm"aﬂ : J Othermise, these only 2ffect discharging schedule.
[12:00 |
Select the operating made schedule for the new TES coils
Lise thes Misids Deiow 0 52t 2 Smpie daily 0 chargeidischange Shadule. O, st fom pre-gafined Il'lput Erw: End tImE fclr -KE dlﬂ:hﬂrw I:hr:min:l
B L= 24 howr formet
l Simple Usas Sched > J | 18:00 |

Figure 4-2: Measure inputs available in the OpenStudio Application

Several measure arguments for UTSS design and control are accessible to users via the
OpenStudio Application graphical user interface or through a command-line workflow. Figure
4-2 shows the user input screen for an example building with a single DX unit. Users may
autosize or specify total UTSS capacity to be placed at each RTU, as well as specify a capacity
multiplier for parametric analysis. UTSS control may be performed using built-in or user-defined
schedules, or with an Energy Management System script — should more complex controls be
required. UTSS operation may be controlled directly from the measure arguments through
operating season, permitted daily charging window, and permitted daily discharging window.
This allows users to easily compare the building energy and thermal comfort impacts of different
UTSS control schedules. Based on the user selections, the measure will inspect the EnergyPlus
building model, add UTSS objects to the specified RTUs, create and apply control sequences,

and generate UTSS-related output variables for simulation analysis. Further information on the
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measure and the latest code revision are publicly available as part of the OpenStudio load

flexibility measures gem [70, 71].

4.3.2 Building models

To evaluate the potential benefits of UTSS, this study uses the new OpenStudio measure
using two vintages of DOE prototype stand-alone retail buildings with two different cooling
system configurations, for a total of four baseline buildings. Each of these baseline buildings is
modified by adding UTSS, thus eight buildings are evaluated. The intent of this analysis is to
assess the relative impacts of adding ice storage to centralized and decentralized conditioned-air

distribution systems in both retrofit and new construction applications.

Figure 4-3: DOE prototype model for standalone retail buildings

The two analyzed stand-alone retail buildings are the Pre-2004 and 90.1-2013 vintages
for a warm-dry climate zone (3B), both created using the OpenStudio standards gem [72]. The
older vintage represents a retrofit opportunity; the 2013 vintage represents more-efficient new
construction. All simulations are conducted using TMY 3 weather data from El Paso, TX [73].
Both buildings, illustrated in Figure 4-3, have a floor area of 24,695 ft> (2,294 m?), an aspect
ratio of 1.28, and a street-side window-to-wall ratio of 0.254. The hours of operation are 8am-
9pm Monday through Saturday, and 10am-7pm on Sunday. The maximum occupancy of both
buildings is 330 and plug loads are identical; however, the retrofit building experiences higher
infiltration and much greater lighting power density. Table 4-2 highlights the envelope and

lighting differences between the vintages.
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Table 4-2: Envelope characteristics of baseline models

Parameter Retrofit Building

New Construction

R-3.45 h-ft>-°F/Btu
(U-1.647 W/m*-K)
R-20.83 h-ft*>-°F/Btu
(U-0.273 W/m*-K)

Exterior Mass Walls

Built-up Roofs

Single-Pane

R-8.13 h-ft>-°F/Btu
(U-0.698 W/m?-K)
R-25.64 h-ft>-°F/Btu
(U-0.221 W/m?-K)
Double-Pane

Glazi
azing SHGC-0.25 SHGC-0.25
Maximum Infiltration 0.82 ACH 0.68 ACH
3.0 W/t 1.3 W/t
Lighting Power Densit
tehting Fower Lensity (32.3 W/m2) (14.6 W/m2)

To ensure all systems have equivalent comparisons, we modified the original cooling
HVAC systems on the DOE prototypes to use single-speed compressors, each with a rated COP
of 3.23. This value was taken from the original 2013 DOE prototype model and applies only to
the compressor, not the full air-handling unit. Two baseline HVAC systems are used in both
building vintages: a single packaged variable air volume (PVAV) system or four packaged single
zone air conditioners (PSZAC). The former represents a centralized conditioned-air distribution
design; the latter is a distributed design. Both are used in mid-sized commercial applications and,
in this case, serve four conditioned zones to maintain a cooling setpoint temperature of 23.9°C
(75°F) during operating hours. Table 4-3 shows the cooling coil capacities by serviced zone for
each of the two HVAC designs applied to the two building vintages. Each system is sized using a
summer design day based on the 0.4% dry-bulb > mean wet-bulb conditions for El Paso
International Airport in Texas [74]. Using these conditions for equipment sizing produces
almost no difference in the total cooling capacities required for the retrofit and new construction
examples for each HVAC system type. From this we conclude that the cooling loads for our
selected building type are dominated by occupancy, infiltration, and internal loads, rather than

envelope gains.
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Table 4-3: Cooling coil capacities by thermal zone, calculated by EnergyPlus, for all baseline
models

PSZAC Capacities PVAYV Capacities
Thermal Zone [KW;: (tons)] [kW: (tons)]
Retrofit New Retrofit New
Core Retail 110 (31.2) 114 (32.4)
Front Retail 17 (4.8) 13 (3.7) 171 173
Point-of-Sale 20 (5.7) 16 (4.5) (48.6) (49.2)
Back Space 26 (7.4) 26 (7.4)

From the four baseline buildings, we create another four models with ice storage, using
our OpenStudio measure to add 40 ton-hour (0.51 GJ) ice storage units to meet a five-hour
cooling load at design-day conditions. Because we assume UTSS comes in discrete sizes,
multiple devices are required for larger zones. Ice storage units are added to every PVAV or

PSZAC system within the baseline models for a whole-building comparison.

Table 4-4: Number of UTSS required by thermal zone for each vintage and HVAC system

PSZAC PVAV
Thermal Zone [No. UTSS] [No. UTSS]
Retrofit New Retrofit New
Core Retail 4 4
Front Retail 1 1
6 5

Point-of-Sale 1 1

Back Space 1 1

After preliminarily sizing the UTSS units on a continuous range using the design day
conditions, we re-evaluate the sizing applying the discrete size requirements. In several
instances, this resulted in drastic over-sizing of the ice storage equipment and large fractions of
unused ice during simulation. We progressively decreased the number of UTSS until we reached

the minimum number of ice storage tanks to fully meet the desired cooling requirements without
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daily exhaustion of the ice supply. This approach ensures sufficient ice capacity with minimal
excess, but other sizing approaches or different ice storage devices may produce preferable
results. Table 4-4 lists the number of UTSS required to meet the 5-hour cooling load shift

requirement.

Even though the PVAYV sizing for both the Retrofit and New buildings is nearly identical,
the New building requires fewer UTSS than the Retrofit. This is due to the difference in sizing
approaches between the primary HVAC equipment and the UTSS. Because the PVAV systems
are sized on a continuous scale against a peak load, but the number of fixed-size UTSS is
determined by evaluating routine daily loads, the required number of UTSS is one fewer for the

newer, more-efficient building.

4.3.3 DX and UTSS models

The energy efficiency of the DX coil, used for all four baseline buildings, is determined

by the rated coil coefficient of performance ( COF,,, ;,.,) and the energy input ratio as a function

of temperature ( EIR.,; ) curve. Equations (4-1) and (4-2) define this efficiency at each timestep
as the COF,; [40]. Equation (4-2) is a function of dry-bulb (7},) and wet-bulb (7, )
temperatures in °C, which are obtained from the weather file. COF,, .., is 3.23 for all baseline

DX coils.

COF,,
COPCO” — EIC;ll,Raled (4_ 1)

Coil
EIR,,, =0.2829+0.0238T,, —0.00087., +0.1346T,, +0.00037,, —0.0005T,,T,, (4-2)
The energy efficiency of the UTSS is a function of operating mode. During the charging-
only mode, device COP is characterized as by functions of T, and ice tank state-of-charge
SOC, given in equations (4-3) and (4-4) 3 and 4 [40]. The coefficients for the UTSS

performance curves were derived by Kung, et al. from experimental and field data [36].

COP
Ol = Frme (4-3)

Charge
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rarge = 0.613440.465250C ~1.463950C>
(4-4)

~0.0069T,, +0.0008T2 +0.0139550C T,

EIR

(a) DX Coil Efficiency (b) UTSS Charging Efficiency

—S0C=12%
——-80C =350%
----80C=92%

B: Ty =21°C,
COPparge =2.98

1520 25 30 35 40 15 20 25 30 35 40
Tdb [OC] Tdb [OC]

Figure 4-4: (a) DX cooling coil coefficient of performance at select wet-bulb temperatures as a
function of ambient dry-bulb temperature. (b) UTSS coefficient of performance during ice tank
charging at select states-of-charge as a function of dry-bulb temperature.

Figure 4-4 shows the calculated coefficients of performance over ambient temperatures
ranging from 15-40 °C for (a) the baseline DX coil and (b) the UTSS during the charging-only
operating mode. The side-by-side comparison helps identify the conditions during which it is
advantageous, from an efficiency standpoint, to charge and discharge the thermal storage. For

example, if nighttime charging occurs at 21°C (point B) and daytime discharging occurs at 35°C

(point A), the COF,,,.., is 2.98 while COF,,; would have been only 2.75. In this case, whole

harge
system energy use would decrease through UTSS operation. However, these situations can only
occur in dry climates with high diurnal temperature swings. Other system effects such as the fan
power increase and thermal energy losses from the tank further negate the potential for net

energy savings. From Figure 4-4(b) we also observe that the charging efficiency of the UTSS is

not significantly dependent on the ice tank state-of-charge, but is primarily determined by 7).
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Though SOC does not significantly impact the charging efficiency of the UTSS, it heavily
impacts the rate at which the UTSS is charged. Equations (4-5) to (4-7) give the maximum rate

of heat transfer when making ice (QCha,gg ) where Q'UTSS’ raeq 18 the rated charging capacity of the

UTSS compressor and CAF, is the non-dimensional heat transfer multiplier as a function of

harge
SOC and T},. Equation (4-6) applies when SOC is greater than or equal to 15%; equation (4-7)

applies when SOC is less than 15%. Both are derived from tabulated data in the EnergyPlus
example file [40].

QC/wrge = QChal‘ge,Rated ’ CAPCharge (4-5)

CAF,,,,. =1.293-0.12750C +0.018650C* —0.0083T,,
(4-6)

~0.000172 +0.0013S0C-T,, ¥ SOC >0.15

CAP,,. =1415-1.770550C +4.86385S0C> —0.0069T,,

(4-7)
~0.0001T2 +0.0046SOC-T,, ¥ SOC <0.15

The maximum UTSS heat transfer rate during discharge (Q'Dl.scharge) 1s modeled as a
function of the T, of the coil inlet air, independent of SOC, where Q'Dm,wge, raea 18 the rated

discharging capacity of the UTSS coil and CAP, is the non-dimensional heat transfer rate

Discharge
multiplier as a function T,,. Equations (4-8) and (4-9) define the maximum cooling rate that the

UTSS can provide during discharge [40]:

QDischarge = QDischarge,Rated : CAP Discharge (4-8)

CAP, =—-0.5615+0.1340T,, —0.002877>, (4-9)

Discharge

During discharge, only the refrigerant circulation pump consumes electricity for the
system, resulting in exceptional efficiency in that operating mode. The available example model

uses a constant COP,

Discharge

of 63.9 [40]. Figure 4-5, on the following page, shows the heat

transfer rate multipliers for both UTSS charging and discharging as functions of T, and7, ,

respectively. In Figure 4-5(a) the significant effect of ice tank state-of-charge is apparent, with a

~14% decrease in maximum charging rate at any given temperature as SOC increases from 5%
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to 92%. Figure 4-5(b) shows the strong dependence of ice discharging rate on ambient wet-bulb

temperature, especially at 7|, less than 15°C.

(a) UTSS Charging HX Rate Multipliers: (b) UTSS Discharging v pate Multiplier:

SOC=5% AllSOC
1.3 — —-S0C=15% 12
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12 ™~ SOC = 92% 1.0
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< 1.0 < 0.6
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Figure 4-5: (a) Maximum heat transfer (HX) rate multiplier for UTSS during charging at various
states-of-charge as a function of ambient dry-bulb temperature. (b) Maximum heat transfer rate
multiplier for UTSS during discharging, which is only a function of ambient wet-bulb
temperature.

Storage losses from the tank to ambient (i.e., heat gains) are calculated using a heat
transfer coefficient of 7.913 W/K [40]. We multiply this by the number of UTSS units at each

cooling coil within our building models to obtain the total thermal losses at each timestep.

4.3.4 Fan model

Fan energy increases with the addition of another coil into the airstream. While the
pressure rise across the fan increases by only 0.1 in H>O, or 23.9 Pa, for each UTSS, the penalty
impacts the entire lifetime of the system regardless of storage operation; annual energy-use due
to these additional heat exchange coils in the airstream should not be neglected. For our baseline

buildings with the PVAV, we use an axial fan performance curve taken from the OpenStudio

standards spreadsheet [72], where part-load fraction ( PLF,, ) is calculated as a function of the

airflow fraction relative to the rated mass flow rate ( FF ) according to equation (4-10). Equation

24



(4-11) converts PLF, into fan power (Wf

an

) using the design mass flow rate (771,,,, ), fan

pressure rise ( AP ), fan motor efficiency (7,,,,, ), and the air density at the fan inlet ( p,;, ).

motor

_ _ 2
PLF,, =0.212-0.5693FF +1.3452FF (4-10)

. PLF,  -m, . -AP
Wﬂm — fan design ( 4_1 1)
. 77 motor p air

As all other coefficients in Equation 11 are constants or near constants, the variable speed
fan power is essentially a function only of flow fraction ( FF ). Figure 4-6 shows this

performance curve over its full operating range; the minimum flow fraction for the fan is 0.15.

Part-Load Fraction

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
FF

Figure 4-6: Part load fraction curve for variable-speed vane-axial fan as a function of flow
fraction, used in PVAYV models

The decentralized air distribution models have constant speed fans at each PSZAC unit
with all specifications taken from the 2013 vintage prototype. Table 4-5 and Table 4-6 show the
different fan pressure requirements for the baseline and UTSS models for each HVAC type by
thermal zone. Each increase of 0.1 in H>O (23.9 Pa) indicates the addition of one UTSS to the
cooling system associated with that thermal zone. Thus, small zones with PSZAC only see an

increase of 0.1, while the large PVAV systems incur up to 0.6 in H2O (150 Pa) increases.
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Table 4-5: Design fan pressure rise for retrofit buildings

PSZAC [Pa (in H2O)] PVAYV [Pa (in H2O)]
Thermal Zone
Baseline UTSS Baseline UTSS
Core Retail 1110 (4.5) 1211 (4.9)
Front Retail 623 (2.5) 648 (2.6)
1390 (5.6) 1540 (6.2)
Point-of-Sale 623 (2.5) 648 (2.6)
Back Space 623 (2.5) 648 (2.6)

Table 4-6: Design fan pressure rise for new construction buildings

PSZAC [Pa (in H20)] PVAYV [Pa (in H2O)]
Thermal Zone
Baseline UTSS Baseline UTSS
Core Retail 1019 (4.1) 1119 (4.5)
Front Retail 623 (2.5) 648 (2.6)
1390 (5.6) 1514 (6.1)
Point-of-Sale 623 (2.5) 648 (2.6)
Back Space 623 (2.5) 648 (2.6)

4.3.5 Utility rates and UTSS controls

Thermal storage is typically employed to avoid high time-of-use (TOU) energy or demand
charges, so UTSS controls are inherently coupled with the local utility rate structure. The
maximum reduction in cooling electricity use during on-peak rates is achieved through a full-
storage control, in which no mechanical cooling is permitted during a specified time-window and
all cooling is provided by the UTSS. Ice charging is performed during overnight hours when
COP,

Charge 18 highest. This demonstration study focuses on demonstrating the capabilities of the
model and UTSS potential; therefore, we use rule-based controls designed to capitalize on
potential electricity bill savings. UTSS optimization is done at the subsequent study found in

[75].

The full-storage control mode that discharges between 15:00-20:00 every day from June
1 to September 30, for a total of 121 days of UTSS operation. The afternoon to early-evening

discharge window is selected because it coincides with high cooling loads and the end-of-day
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decrease in solar generation when high power generation ramp rates would be required. This
general rate structure is currently used in several places across the U.S. with high renewable
energy penetration [76-78] and provides a starting point for generic UTSS cost analysis. Ice

charging is performed between 23:00 and 07:00 daily.

Since electricity rates vary significantly across the U.S., we derive five example rates
using average electricity price data for commercial customers [79] as functions of TOU
multipliers between the off and on-peak electricity prices. In December 2019, the average cost of
electricity for commercial customers in the U.S. was 10.57 “/kWh. Based on the fraction of a
building’s total electricity use that occurs during on-peak hours, which is ~33% in our baseline
buildings, we can calculate both the off-peak and on-peak electricity prices required to achieve

that same average cost over the course of a year. The goal is to develop a set of utility rates that

vary in their on-peak TOU multiplier (X,

.. )» but result in approximately the same total electricity

bill at the end of the year. In this analysis, we explore five X, , values ranging from 1.5 to 3.5.

The resulting utility rates are shown in Figure 4-7 on the following page.

o Xioy = 1.5
14 —— = Xeou = 20 e i
——-- X =25 0
72 Xeou=30
S Xiou = 3.5
S 10
= 8
S
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Figure 4-7: Time-of-use electricity prices with varying on-peak rate multipliers derived from the
average electricity price in the United States in 2019 [79]. On-peak hours are from 15:00-20:00
daily and contain ~33% of the baseline buildings daily energy use.

One of the major economic drivers of current thermal storage implementations is demand

charge reduction. We choose not to include an explicit demand charge in our economic analysis
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for several reasons. First, the demand savings potential of thermal storage is already documented
in literature with various case studies [22, 80, 81]. Second, a future grid dominated by variable
electricity generation incentivizes a direct connection between production cost and the price
charged to the consumer. This is best manifest in real-time-pricing assessed on a kWh basis. And
third, for general analyses, without specific utility rate information, the demand charge may be

subsumed into the TOU energy costs.

4.3.6 UTSS performance metrics

Comparison and analysis of UTSS requires a variety of annual, seasonal, and daily
energy and cost metrics. We use the metrics below to evaluate system performance with

additional discussion on load shift efficiency and ice availability provided.

e Annual electricity use divided into total, cooling-only, and fan-only categories;
e Facility electricity and demand divided into on- and off-peak categories;
e Daily thermal storage load shifting efficiency;

e Daily thermal storage unused ice availability; and,

e Relative change in annual electricity costs as a function of X, .
While there are other definitions of load shift efficiency (7, ), such as that proposed by
Le Dréau and Heiselberg [32], we define 77,,,, as the ratio of electric energy use avoided by

discharging the UTSS to the electric energy increased by charging the UTSS. This metric

captures the impacts of COF,,; and COF,,,., variation as well as thermal losses, but must be

harge
calculated relative to a baseline model and is a function of the control strategy for the tank, as

defined in equation (4-12):

E
Mo = —ES’““’ (4-12)

add
where, 7, is the load shift efficiency of the UTSS, calculated on the whole building level over
any complete discharge-recharge cycle; E, , is the total electrical energy use avoided by

discharging the UTSS on a given day relative to the baseline; and E_;, is the total electrical
energy required to subsequently recharge the UTSS. Unlike a thermal energy round-trip
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efficiency, it is possible to achieve 77, values greater than 1 if nighttime charging conditions

are relatively superior to daytime DX cooling conditions. We choose this metric over ice tank
round trip efficiency because it provides a whole-building metric for the daily efficacy of using

thermal storage.

Because our UTSS sizing is calculated from a design day and our discharge window is
fixed according to the utility rate on-peak window, a substantial amount of ice may go unused
each day. This unused ice could be a building or grid-level resource, especially in a GEB
environment, outside the fixed on-peak window. We quantify this unused thermal storage as ice

availability (S, ), a non-dimensional total cooling capacity available at the end of each

discharge period. It represents the unused ice in all the storage tanks within the building across
all the cooling coils. For the PVAV systems, this value is equal to the state-of-charge of the
UTSS at the end of each daily discharge period. For the PSZAC systems, this value is the
capacity-weighted average of all the UTSS states-of-charge within the building. The ice

availability is generally expressed by:

St =2, & soc, (4-13)
i Total

where, Q. is the nominal thermal storage capacity of an individual UTSS coil i; QM, is the sum

the nominal thermal storage capacities of all UTSS within a building; and SOC, is the state of

charge of UTSS device i. This metric can be calculated at any timestep, but for this analysis, we

calculate it at the end of each daily discharge period (i.e., 20:00).

The ice availability metric is useful for evaluating potential control strategies when used
in conjunction with a building power load duration curve. These curves present the building
power demand at each timestep sorted from highest to lowest. Each y-axis value represents the
number of non-consecutive timesteps within the year during which the facility power demand

exceeds the corresponding x-axis value. A load duration curve combined with coincident cooling
power and S, can show the additional load flexibility potential of any simulated UTSS design

and control strategy.
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4.4 Results and discussion

4.4.1 Annual energy use

Table 4-7 and Table 4-8, on the following page, summarize the annual facility, cooling,
and fan energy use of the baseline and UTSS models. They highlight the relative electricity
tradeoffs of adding UTSS to each of our four baseline cases. Table 4-7 shows the results for the
PSZAC designs, while Table 4-8 shows the same for the PVAV designs. Annual unmet occupied
cooling hours were consistent between associated baseline and UTSS models, with slightly fewer

unmet hours accrued in three of the four UTSS examples.

In all cases, total energy use increases with the addition of the packaged ice storage
devices. In the PSZAC models, both retrofit and new, the electricity used by the cooling coils
increases by an average of 5.25 MWh over the course of the year; the electricity used by the fans
increases by an average of 6.35 MWh. For the PVAV buildings, the addition of the UTSS incurs
an average cooling electricity increase of 2.1 MWh and a fan electricity increase of 3.2 MWh.
The smaller increases in energy use found in the PVAV UTSS designs can be attributed to each
system’s ability to meet smaller cooling loads with less aggregate compressor operation. Instead
of running four smaller PSZAC units intermittently, the PVAV can run its single, larger
compressor less frequently. It is important to note that each UTSS coil only operates for one
third of the year, June through September; whereas the fans face an additional pressure rise every

time the HVAC is operating.

Where Tables 7 and 8 present absolute energy use numbers, Figure 4-8, on the following
page, shows the relative annual changes in electric energy use, broken into facility (total),
cooling, and fan subcategories, after adding UTSS. We see that for PSZAC designs, the relative
increases in cooling and fan electricity are similar after adding thermal storage; however, for the
PVAYV systems, the relative impact on fan energy use is more than double that on cooling energy

use.
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Table 4-7: Annual electricity use for buildings with PSZAC systems.

0%

BMPSZAC - Retrofit MPSZAC - New

Facility Electricity

Cooling Electricity

Model Facility Electricity Cooling Fan Electricity
ode
[MWh] Electricity [MWh] [MWh]
Retrofit Base 528.3 65.9 87.8
Retrofit UTSS 539.8 71.1 94.2
New Base 313.5 58.4 79.8
New UTSS 325.1 63.7 86.1
Table 4-8: Annual electricity use for buildings with PVAV systems.
Facility
Cooling Fan Electricity
Model Electricity
Electricity [MWh] [MWh]
[MWh]
Retrofit Base 485.1 66.4 34.9
Retrofit UTSS 490.8 68.7 38.3
New Base 271.7 62.5 27.2
New UTSS 276.6 64.4 30.1
12%
o 10% [ ]
2 %
é 6%
g 4%
o II ] |

Fan Electricity
PVAYV - Retrofit OPVAYV - New

Figure 4-8: Relative annual increases in electricity consumption after adding UTSS to each

baseline model, divided into facility (i.e., total), cooling, and fan components
31



Table 4-7, Table 4-8, and Figure 4-8 show two trends. First, it is essential to capture the
effects of the added UTSS cooling coils within the airstream, as the impact on fan energy use is
non-trivial. In this case, the absolute increases in fan energy use when using the UTSS exceed
the increases associated with the cooling coils. The PSZAC buildings incur a higher absolute
penalty because they use four constant speed fans compared to the single variable speed fan
found in each of the PVAV buildings. Second, the relative impact on total facility energy use
when using UTSS is less for our centralized conditioned-air distribution systems than for the
distributed cooling designs. This is primarily attributable to the fewer total number of UTSS
required for the PVAV systems, which provides a better match between thermal storage
requirements and installed capacity at the whole-building level. This improved capacity-to-load

alignment helps minimize both the cooling and fan electricity usage in the PVAV designs.

4.4.2 On-peak and off-peak energy use
Avgerage Change in Monthly | Avgerage Change in Monthly
Electricity Use Max Demand

Off-Peak On-Peak Off-Peak On-Peak
8.0 60

6.0

4.0
2.0 I |:| 20

=
0.0 I 0

MWh

i e
4.0

-6.0 -40
8.0 -60

BPSZAC - Retrofit MPSZAC - New PVAV - Retrofit OPVAV - New

Figure 4-9: Average changes in monthly electricity use and maximum demand during the on-
peak and off-peak periods, calculated over the months of June-September

Figure 4-9 shows the changes in both annual electricity use (left) and maximum demand
(right) during on-peak and off-peak periods after adding the UTSS to each baseline. The positive
values indicate increases in energy use or maximum demand, while negative values indicate

reductions. UTSS is effective at shifting electricity use, with an average monthly reduction in on-
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peak electricity use ranging between 2.9 and 4.8 MWh. Comparing the loads added during off-
peak hours to those shed during on-peak hours, the PVAV systems perform more efficiently than
their PSZAC counterparts, as seen by the smaller differentials between the electricity added and
the electricity shed. In the best case, the new construction with PVAV, the UTSS is nearly
electricity-use neutral during its June to September operating season, relative to the no-storage

baseline.

The value of the UTSS is more apparent when comparing changes in maximum demand.
During on-peak ice discharge, the average monthly maximum demand is reduced by between
25.9 kW and 49.1 kW. This translates into a maximum demand reduction of 32.2% to 36.6%
during that window. However, during the off-peak period, only very slight increases in
maximum demand are incurred. The 0.2% to 1.8% increases are attributable to the increased fan
power required after adding the UTSS coils to the airstream. For our implementations, the PVAV
and PSZAC systems with UTSS achieve approximately the same demand reductions relative to
their baseline buildings. We conclude that for on-peak maximum demand reduction, UTSS

performs equally well for both PSZAC and PVAV systems.

4.4.3 Load shift efficiency
Figure 4-10, on the following page, shows the daily values of 7,,,, for both the (a)

PSZAC and (b) PVAV systems. The load shift efficiency, 7, , is calculated on whole-building

level for each diurnal discharge-recharge cycle, thus capturing coil, fan, and ancillary system
impacts. Any value greater than 1 indicates a net energy savings for that day compared to the
corresponding baseline building. Electric load shift efficiency is a function of ambient conditions
during charge and discharge, and is therefore highly variable over the course of the cooling

s€ason.
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Figure 4-10: (a) Daily load shift efficiencies for UTSS implemented on retrofit and new-
construction PSZAC systems. Wide daily variation is observed, but few days achieve 7, >1.

(b) Daily load shift efficiencies for the retrofit and new-construction PVAV systems.
Significantly more days achieve 7,,,, =1 compared to the PSZAC designs.

For the PSZAC systems, the daily load shift efficiencies are nearly always less than 1.

Over the course of the four summer months, the retrofit building achieves 7,,,; 21 only once and

the new construction only achieves it twice. Conversely, for the PVAV systems, 7,,,, is greater

than 1 nearly 25% of the time for the retrofit building and 47% of the time for the new

construction. This daily performance is summarized in Table 4-9.

Table 4-9: Load shift efficiencies for UTSS implementations

Number of Days | Number of Days
Model Average 7], Moy 21 My <1
PSZAC - Retrofit 0.82 1 120
PSZAC - New 0.79 2 119
PVAV - Retrofit 0.94 30 91
PVAV - New 1.01 57 64
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Little difference is observed between the retrofit and new construction buildings. For the

PSZAC, the retrofit achieves a 3% higher average load shift efficiency over the course of the

summer. For the PVAV buildings, the new construction out-performs the retrofit 7,,,, in both

average and total number of days exceeding 1. The greater contrast is between HVAC system
types. Like the annual energy use results, the centralized air conditioning systems with UTSS

achieve higher daily load shifting efficiencies compared to decentralized units.

The envelope impact on HVAC and UTSS is reflected on 77, values primarily through

their different storage capacity requirements (Table 4-4), which in turn affect their respective fan
energy usages. In the case of the PSZAC systems, both the retrofit and new construction require
the same total number of UTSS units, and the average load shift efficiency slightly decreases.

Conversely, the new construction with PVAV requires one fewer UTSS unit compared to the

retrofit, which results in an improved average 77,

Finally, because the PVAV systems experience substantially more days with 77,,, 21,

there is a possible opportunity to achieve a net energy-use reduction using predictive or optimal
controllers. Such opportunity is not present with the distributed storage implementation as the
cumulative energy penalties exceed the potential energy savings at the UTSS coil. This
reinforces the preliminary conclusion that the centralized UTSS implementations are likely more

energy efficient than the distributed designs.

4.4.4 Ice availability

One result of implementing UTSS under a full-storage control based solely on a utility
rate structure, as we have done in this study, is that the thermal storage may be under-utilized for
much of the year. This unused thermal storage is a potential asset, even if used outside the on-
peak window, if there is a grid benefit or an off-peak demand charge to incentivize its utilization

within the building.

Figure 4-11, on the following page, shows two histograms of the daily ice availability,

S

avail ®

grouped by building vintage and sorted into bins with width of 5% storage capacity. The
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grouping by vintage maintains an equitable comparison as the cooling loads are a function of

building model, not of baseline HVAC system.

(a) Retrofit (b) New Construction
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Figure 4-11: (a) Histogram of daily ice availability values for retrofit buildings with either
PSZAC or PVAYV systems. (b) Histogram of daily ice availability values for new buildings with
either PSZAC or PVAV systems.

Several observations can be made from Figure 4-11:

1. Due to the design-day sizing, the thermal storage systems never fall below 15% state-of-
charge. This potential oversizing may be acceptable if the S,,, can be used as a grid
service or for some economic advantage during the off-peak hours.

2. The retrofit buildings have a wider distribution of §,,,; compared to the new
construction buildings. The standard deviation of the mean for the PVAV and PSZAC
retrofit buildings is 13.6% and 14.8%, respectively. For new construction, standard
deviation is 9.2% for both HVAC designs. This is due to the tighter new construction
envelopes which results in a more consistent daily cooling load.

3. Recalling the total number of UTSS for each building (Table 4-4) we confirm that the

centralized, PVAV systems more efficiently employ their available thermal storage.

In Figure 4-11(a), the nearly identical distributions of daily ice availability imply similar

system performance. However, the PVAV achieves this with six total UTSS units, compared to
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the seven units required in the PSZAC design. In Figure 4-11(b), the PVAV and PSZAC
distributions do split, but the former requires only five UTSS units compared to the seven in the
latter. Thus, similar ice utilization by a PVAV system can be obtained with less installed

capacity compared to the PSZAC systems.

In all cases, the UTSS systems were sized against design-day conditions. Therefore, for
most of the cooling season, a large fraction of the ice is unused each day. Under a static utility
rate structure (and thus control), this may be considered a drawback as a large portion of the
purchased capacity goes routinely unused. However, under the dynamic control envisioned for
the interactive grid of the future, this unused capacity becomes an asset for both the building

owner and the grid operator and should be quantified with proposed UTSS implementations.

Another method of visually inspecting the performance of a distributed energy resource is
the load duration curve. By augmenting each facility power load duration curve with the
coincident mechanical cooling electric power, potential load shift opportunities are highlighted.
Figure 4-12 and Figure 4-13 (on page 39) presents the seasonal load duration curves for the
baseline (no storage) and UTSS (with storage) retrofit PVAV model for the period of June 1 to
September 30. As all buildings produce similar plots and the same lessons, only a single

illustrative case is presented here.

Figure 4-12(a) shows the baseline facility (Base) power load duration curve during the
35,136 five-minute timesteps (2,928 hours) of the summer months. The coincident cooling
electric power (Base-Cooling) is also plotted, showing the potential electrical loads which could
be mitigated through cool thermal storage. At the periods of peak power demand, cooling is
responsible for 35% of the electrical load. Figure 4-12(b) shows the baseline facility (Base)
power load duration curve, the facility power after adding the UTSS thermal storage (UTSS),
and the coincident cooling electric power (UTSS-Cooing). This allows for comparing cooling
energy use with and without storage as a function of how significant it is in relation to the total
energy use of the building. When building electricity use is high and cooling electricity is
responsible for a significant portion of it, there is potential benefit from load shifting via thermal

storage.
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Our UTSS implementation provides some minor leveling in the middle section of the
total power load duration curve, as show in Figure 4-12(b), achieved at the expense of increasing
the variation in cooling energy use, observed by comparing the cooling curves in Figure 4-12(a)
and Figure 4-12(b). This change is due to both the variation in timing of cooling electricity use
and the variation in COP of the UTSS ice-making compressor. However, the left-most region,
when building demand is highest, cooling demand remains unmitigated as our dispatch strategy
was coordinated with the TOU rate, and not explicitly targeting peak power (due to no demand

charges).

To evaluate the potential of the current UTSS design and control strategy to be modified
to address this peak demand region, we further examine the UTSS load duration curves while

plotting the coincident ice availability in Figure 4-13.

Figure 4-13(a) zooms to the peak 8,400 timesteps (700 hours) and adds the coincident

values for the daily minimum ice availability using a shared x-axis (Figure 4-13(b)). Minimum
S .. values exceed 30% for the entire peak region. Thus, we know that up to 54 kW in cooling

power can be targeted for reduction at the times when building demand is maximum; and that the
UTSS has approximately 30-40% capacity available each day to be used for this reduction. By
adding UTSS coincident cooling power and S, to the load duration curves additional energy
flexibility potential becomes apparent. Even without neglecting to avoid the on-peak TOU
electricity prices, the thermal storage has great potential for building demand reduction.
However, to access this energy shifting potential, a smarter control scheme is required-an area of

potential future research beyond the scope of this study.
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Figure 4-12: Load duration curves for the retrofit PVAV example for the months of UTSS
operation (June 1 - September 30), augmented with the coincident cooling electric power for (a)
baseline building total electric (Base) and cooling electric (Base-Cooling) curves without energy
storage; and (b) baseline total electric building (Base), total electric for building with UTSS
(UTSS) and cooling (UTSS-Cooling).

—UTSS

(a) UTSS Top 700 Hours -UTSS - Cooling
- 180 I
2 150 <
) I
g 120
=
2 90 :
Q
é 60 B T e e o TR TR AT an |
5 30 o— ! |

0 I

1 6675 8400

(b) Coincident Savir

Timesteps

Figure 4-13: A zoomed-in view of the top 8400 timesteps (700 hours) during UTSS operation of
the retrofit PVAV example. (a) shows that in the 6675 timesteps (~556 hours) left of the vertical
dashed line, the cooling loads are not reduced by our current UTSS control strategy. However,
(b) shows the coincident daily minimum ice availability values for these peak timesteps.
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4.4.5 Cost performance

The potential energy bill savings for any given UTSS installation is a function of not only

the utility rates but also the fraction of the total bill that is associated with cooling equipment. In
our buildings, the maximum total annual energy bill savings (when x,,, = 3.5) range between

4.5% and 6.5%. However, when we examine the cost savings associated with only the cooling
load, these relative values increase as a function of the magnitude of the shifted load. Figure 4-14

shows cost savings for cooling-only electricity use compared to baseline buildings for the five

analyzed electric rate multipliers (X, ). Using these five data points, we extrapolate a trendline

for each building vintage and HVAC system. For the retrofit models, savings range from 7.6% to
38.6%. For the new construction, the potential is somewhat reduced due to the improved

building efficiency, but savings still range from 3.5% to 29.1%.
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Figure 4-14: Relative annual cost savings for cooling electricity for UTSS implementations as a

function of on-peak time-of-use multiplier ( X,,, ). Data points are extrapolated into curves to

ou

represent the cost savings trends for each model.

Though the PVAV and PSZAC trendlines are very similar for both retrofit and new
buildings, this performance is achieved with less installed storage capacity in the PVAV cases. In

both the Retrofit and New cases, the UTSS with PVAV produce higher relative savings at lower

time-of-use multipliers than their PSZAC counterparts. However, as X, , increases, the observed

40



difference in relative cooling cost savings due to HVAC system type decreases. In the new

construction case, the savings curves for PVAV and PSZAC cross at x,,, & 3. This is due to the

increased impact of cooling on the total electric bill as the TOU rates increase, especially when

more cooling devices and fans are present in the building.

While there appears to be little difference in cost savings performance between PVAV
and PSZAC systems for each respective building vintage, we recall that this savings performance
is achieved with fewer total number of UTSS in each PVAV case comparted to the PSZAC.
Therefore, in relative cost terms, the centralized UTSS implementations out-perform their

decentralized counterparts.

Due to limited market penetration for this technology and uncertain cost data, capital
costs for the UTSS are not included in this analysis. As such, a broader life cycle analysis is not
performed. However, the annual electricity bill savings information presented in Figure 4-14
may be used by building owners to develop their own unique procurement criteria should they

consider packaged thermal storage options.

4.5 Conclusions and future work

In this chapter we develop and employ an OpenStudio measure that facilitates the rapid,
parametric analysis of packaged ice thermal storage devices, known as unitary thermal storage
systems. The measure allows modelers to add package ice thermal storage to existing DX
cooling coils and evaluate the performance of different UTSS designs and controls. The UTSS
model used by the measure accounts for COP variation with ambient and zone conditions and
tracks thermal losses. Using the measure, we analyze four UTSS implementations with
centralized PVAYV systems and decentralized PSZAC systems for two vintages of a stand-alone
retail building in El Paso, TX and five different time-of-use rates, specifically accounting for the
increased fan pressure rise requirements when using thermal storage. We employed energy-use,
load shift efficiency, unused ice availability and relative cost savings metrics to compare UTSS
performance. We construct cooling-only cost savings curves for each building type and HVAC
system, allowing us to visualize the savings potential of each thermal storage implementation

over a wide range of on-peak energy prices.
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Based on the limited analysis, preliminary results suggest that PVAV systems are more
conducive to the addition of UTSS because of (1) less storage capacity was required to achieve
the same cooling load shift with the PVAV and (2) a smaller increase in fan energy use due to
the variable speed fans used in the PVAV. If these two characteristics can be maintained, we
suggest that this conclusion is generalizable to any PVAV to PSZAC UTSS comparison.
However, the primary goal of this work is to enable fast modeling and analysis of thermal
storage using open-source tools. Despite its recent attention, there is still significant work
remaining in analyzing the performance and assessing the role of thermal storage in the future
grid. The publicly available performance data for thermal storage devices and technologies
remains limited, presenting an opportunity for experimental work creating performance maps.
Additionally, UTSS has yet to successfully penetrate the market as a distributed energy resource
(DER), inviting inquiry into the techno-economic barriers to adoption. Finally, for an interactive
grid implementation, UTSS must operate harmoniously with other DERs, which presents myriad
opportunity for design and control optimization studies. We hope that this work, and particularly
the increased accessibility of open source UTSS modeling made possible through the
OpenStudio measure, support the future of thermal energy storage analysis and, perhaps,

implementation.
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CHAPTER 5
MODELING THE LOAD FLEXIBILITY POTENTIALS FOR ICE ENERGY STORAGE

A paper presented at the 2020 Building Performance Analysis Conference and SimBuild
[83]. Rights managed by ASHRAE.

Karl Heine, Paulo Cesar Tabares-Velasco, Ryan Meyer, and Michael Deru

5.1 Abstract

With the increasing interest in grid-interactive efficient buildings, energy storage
technologies are being re-evaluated for their role in the future grid. Ice thermal energy storage
(ITS) has a large potential to provide load flexibility to a grid dominated by variable generation
assets, but it requires careful design, analysis, and control to be effective. Evaluation is possible
using building energy simulations but is not often done because of the complexity and added
effort required to include ice storage in building simulation models. The objectives of this study
are two-fold: (1) automate the addition of ice energy storage to building models through
OpenStudio measure scripting and (2) evaluate the load flexibility potential of example ITS
design and control strategies. This paper presents a new OpenStudio measure that provides the
ability to easily and accurately model a variety of potential design options and common control
schemes. After applying this measure, we then bound the ability of the building to increase or
decrease its predicted future electric load over 30-minute to 6- hour windows using chiller and
ice storage performance constraints at each simulation timestep. Finally, we evaluate the ITS

performance against in-simulation demand response events.

5.2 Introduction

Considering the increase in uncertainty and electricity generation variability on the grid
due to the growth of renewable assets and distributed energy resources (DERs), buildings are an
emerging asset for dynamic demand response and grid services. One of the largest electrical end-
uses within buildings is space conditioning, accounting for 9% of the total U.S. electricity
production, and up to 50% of a building’s total electricity demand during summer [84]. This vast
amount of energy use is theoretically controllable via thermal energy storage. Ice has

traditionally been used to shift on-peak daytime cooling loads to off-peak nighttime hours,
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capable of providing significant energy cost savings [38]. And, if properly sized and controlled,
it can also provide a reduction in total facility energy use [16]. In a grid dominated by
renewables, however, this strategy may be insufficient — the dynamic flexibility of a given
system’s design and control sequence should also be assessed. Some recent work on the value ice
thermal storage (ITS) for flexibility and promoting penetration of renewables has begun

exploring this topic [30, 33].

The U.S. Department of Energy Buildings Technology Office (BTO) characterizes
building demand flexibility as: (1) energy efficiency, (2) load shifting, (3) load shedding, and (4)
load modulation [6]. ITS can readily address the first three characterizations; however, it is not

well suited for load modulation due to the short timesteps required (seconds and sub-seconds).

The traditional design approach to ice systems is based on load shifting evaluated over a
design-day. Chillers may then be downsized, thereby decreasing capital cost and improving
device efficiency during part-load operation [17]. These factors then impact the building’s

overall efficiency, with potential to reduce energy use intensity (EUI).

Ice storage also provides a load shedding ability within a building. The ice available
within the storage tank at each point in time can be converted into a temporary reduction in
building electrical demand (load shed). Conversely, a partially discharged ice tank and/or a
chiller operating with a demand limiter provides an opportunity for a temporarily increase in
building demand while saving the stored ice for later (load add). This may be a useful service in
the event of excess renewables that might otherwise be curtailed. Thus, ice storage system
designs and controls should be evaluated for their ability to provide both load shed and load add

in a grid-interactive manner.

To perform load flexibility assessments, detailed whole- building energy modeling
(BEM) that incorporates an accurate ice energy storage model with proper controls is required.
While most BEM software can simulate ice storage systems, implementation is a time-
consuming, custom endeavor [17]. This limits parametric analysis potential and more wide-
spread consideration. Furthermore, controlling the ice storage models may require scripting
within the HVAC iteration loops in order to achieve performance similar to real-world

applications. These challenges have limited the analysis of ITS within BEM to date.
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Thus, the objective of this chapter is to present a method to automate the implementation
of ITS within BEM and allow users to quickly define and evaluate a wide variety of possible
control schemes, even permitting the testing of a system during a simulated demand response
event. This allows rapid parametric analysis of possible ice storage system designs and high-
level control strategies. We demonstrate the measure on a single building model, exploring
several configuration and control options. We then examine the impact of each design option on
building energy efficiency, electrical load shifting, and ability to provide temporary load

shedding or addition in response to a grid event.
5.3  Methodology

5.3.1 Measure Description

EnergyPlus is the BEM engine used for this project, including the
ThermalStorage:Ice:Detailed object, accessed through the OpenStudio Software Development
Kit. The measure can be implemented directly within the graphical user interface, from the
command line, or as part of a scripted workflow. The measure may be applied to any OpenStudio
model that includes a chilled water loop. The configuration options available in the measure
include the ice tank position relative to chiller, the ice tank capacity in ton-hours, and a chiller
capacity multiplier. The high-level control strategies available within the measure are those

defined by the ASHRAE Design Guide for Cool Thermal Energy Storage:

e Full Storage, where the ITS meets the entire cooling load during discharge; and,

e Partial Storage, where cooling loads are met by simultaneous operation of both the chiller

and ITS.

Within partial storage, there are many additional control considerations, such as load-
leveling, demand-limiting, and chiller or storage-priorities. All of these may be implemented
through user inputs within the measure, thus allowing comparative analysis. Due to the nature of
EnergyPlus, demand limits [kW.] on the chiller are implemented as capacity limits [kW] within
simulation. Figure 5-1 shows a selection of the measure’s user inputs related to ITS

configuration and controls.
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Inputs

Select Energy Storage Objective:

(Full Storage

Select Upstream Device:

Partial storage only. See documentation for control implementation.

(Chiller

Enter Thermal Energy Storage Capacity for Ice Tank [ton-hours]:

3200
Select Thaw Process Indicator for Ice Storage:

(InsideMelt

Select Loop:
This is the cooling loop on which the ice tank wil be added.
(Chilled Water Loon

Select Chiller:
The ice tank will be placed in series with this chiler.
(90.1-2010 AirCooled WithCondenser Chiller 0 456tons 1.3kW/ton

Enter Chiller Sizing Factor:

1

Enter Chiller Max Capacity Limit During Ice Discharge:
Enter as a fraction of chiller capacity (0.0 - 1.0)

1

Figure 5-1: Select user inputs for ITS measure

All controls, except for the chiller capacity limiter, are provided through component

operating schedules, which are created by the measure for the user. Custom schedules generated

by the user may also be applied. The chiller capacity limiter is controlled by a simple Energy

Management System (EMS) script inside the HVAC iteration loop.

r]Test Demand Reponse Event?

Select if a Load Add or Load Shed Event

[Shed
Enter date of demand response event:
Use MM/DD format.

9/19

Enter start time of demand response event:
Use 24hr format.

11:30
Enter duration of demand response event [hr]:

3

DAII(M chiller to back-up ice during DR event?
Unselection may result in unmet cooling hours

Figure 5-2: User inputs for demand response tester

One additional feature of the measure is an optional supervisory control EMS script that

can be used to test partial-storage designs against user-defined demand response (DR) events.

The DR tester overrides the routine ITS controls for a user-specified event time and duration to
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either maximize (load add) or minimize (load shed) energy use associated with space cooling.
The in- simulation tester is valuable for exploring the rebound effects associated with using ITS

for dynamic load flexibility. Figure 5-2 shows the user inputs for the DR tester.

5.3.2 Flexibility Metrics and Methods

We evaluate the ITS models against a variety of energy metrics associated with the
BTO’s characterizations of load flexibility mentioned above. Cost metrics are not discussed here
as they are functions of not only design and control, but also local utility rates and programs.
Cost considerations may be evaluated by applying the appropriate tariffs and demand response

incentives. This measure provides a tool to help evaluate ITS within any price structure.

Load shifting is evaluated relative to a baseline system without ITS. It involves both the
ice discharge and subsequent recharge periods. The peak power reduction [kWe] during
discharge and the total electric energy shifted [kWh], evaluated over at least one complete
charge-discharge cycle are useful. We consider the four metrics below to characterize the load

shifting potential of our example ITS models:

e Average Daily Shifted Load [kWh], defined as the average reduction in facility electricity
use during ice discharge, relative to the baseline;

e Average Fraction of Daily Load Shifted [-], defined as the average of the daily shifted
loads divided by the average daily total electric load in the baseline;

e Annual Total Shifted Load [MWh], which is the sum of the reductions in daily facility
electric load during ice discharge, relative to the baseline; and,

e Maximum Annual Peak Demand, which is the single point of maximum facility electric

demand (15-minute average) over the course of the year.

Monthly values for peak demand are of interest for utility rate calculations; but for
brevity, we here present only the annual peaks which, in our demonstration cases, equate to late

summer peak demand.

Energy efficiency is evaluated at the building level with EUI, and at the chiller level
through three metrics evaluated over the ITS operating season to capture charge and discharge

performance:
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e Chiller Average COP;
e Chiller Total Electricity Use; and,

e Chiller Total Runtime Hours.

Load shed and load add potentials are assessed through both post-processing of
simulation results and through the in-simulation DR tester. They are quantified in terms of peak
power [kWe], energy [kWh], and potential duration of flexibility [hours] at each simulation

timestep. We perform the calculations for DR events ranging from 30-minutes to 6 hours.

For the load shed events, we assume that ITS controls switch their routine partial-storage
control to full storage for the duration of the event, thus allowing the chiller to turn off. If the ITS
state of charge (SOC) is insufficient to meet the full load (either energy or cooling rate) over the
required duration, we indicate a 0 flexibility potential. We do this to identify the limits of a
particular ITS control strategy for early-design consideration. For load add events, we assume
that the chiller will meet the full cooling load. Any ice that would have been discharged during

the DR event is saved for later use.

We aggregate these calculations, performed at each timestep for each DR window (30-
min to 6-hours), into average potential power change [kWe], average potential energy change
[kWh], and the availability of the response type. This availability is defined as the percent of
timesteps over which the complete shed or add responses could be successfully executed. For
example, at a given timestep, a system may be able to switch to full storage and meet the future
cooling loads (determine from baseline model) the next hour, but not for any longer duration. In
this case, 30-minute and 1-hour responses are considered available at the given timestep, where
2+ hour responses are not. Availabilities are presented as percentages of annual timesteps and of

only the occupied timesteps.

These add and shed potentials derived from post- processing provide information on the
flexibility that the building may provide to the grid only during the DR window; they do not
capture any rebound effects. In the case of the load shed events, negative rebound impacts may
occur immediately following the DR event or several hours later during ice tank recharge. The
in- simulation DR tester allows us to use BEM to capture those rebound effects. These are best

explored through visual examination of the timestep energy output data.
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5.3.3 Simulated Building Test Cases

To demonstrate the capabilities of this measure and our load flexibility analysis, we use
the DOE Prototype Secondary School, vintage 90.1-2010 for climate zone 2A, with the Houston,
TX TMY3 weather file, simulated at 15-minute timesteps. We select this building model and
location because (1) the building cooling is provided through a primary-secondary chilled water
loop supplied by a single air-cooled chiller, (2) the facility in this location requires space cooling
for the entire year, and (3) space cooling constitutes a large percentage of the total facility
electric load. In order to facilitate study repeatability, no changes are applied to the model
beyond our ITS measure. The peak cooling period for this model occurs during September when

high occupancy is coincident with hot and humid weather conditions.

To showcase the potential of the measure five different ITS configuration and control

cases are modeled and presented here. Cases with a “P” title are partial storage configurations.

Table 5-1: Model configurations

Chiller Capacity Ice Capacity  Upstream Device

Case
[Tons (kWth)] [Ton-hr (GJ)] -
Base 578 (2,033) N/A N/A
Full 578 (2,033) 3,200 (40.5) Ice
P1 405 (1,424) 2,000 (25.3) Ice
P2 405 (1,424) 2,000 (25.3) Chiller
P3 347 (1,220) 2,000 (25.3) Chiller

Table 5-1 lists the five cases and their basic configuration options. Using percentage
multipliers, the chillers in P1- P3 are downsized from the original baseline. Chiller capacities in
Table 1 are the result of a 70% multiplier in models P1 and P2, and a 60% multiplier in P3.
These multipliers are selected based on the ASHRAE Design Guide for Cool Thermal Storage
sizing equations and recommendations in order to demonstrate the performance of systems with

downsized chillers [17].
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Table 5-2: Model control strategies

Case Strategy Priority Limiter

Base N/A N/A N/A

Full Full Storage N/A N/A
P1 Partial Storage Chiller 57%
P2 Partial Storage Ice 65%
P3 Partial Storage Ice 68%

Table 5-2 defines the high-level control strategies applied in each model. For model P1,
the limiter imposed on the chiller during ice discharge is a function of a fixed temperature
difference across the downstream chiller evaporator. This is applied using temperature setpoint

schedules, rather than the EMS limiter script used in P2 and P3.

The cooling season for these buildings encompasses the entire year. The full storage
system charges from 2100- 0800 daily, and discharges from 0900-1800 on weekdays. The partial
storage systems charge from 2300-0800 every day, and discharge from 0800-2100 on weekdays.
The chilled water loop temperature setpoint is 44°F (6.7°C) with a design loop temperature
difference of 10°F (5.6°C). The working fluid is 25% ethylene glycol. To charge the ice tank
during the overnight hours, the primary loop is isolated from the building cooling coils and the
chiller cools the working fluid to 25°F (-3.9°C). This results in a reduced chiller capacity equal to

approximately 65% of the nominal capacity during ice charging.

These models are selected to concisely demonstrate the variety of configuration and
control options made available through the OpenStudio measure. To demonstrate the flexibility
analysis described above, we select one model for further examination. Case P2 (partial storage,
chiller-upstream, storage-priority, with a 65% chiller capacity limiter imposed during ice
discharge) is selected because it produces an approximately equivalent EUI to the baseline

model, and has nearly identical total chiller electric energy use over the course of the year.
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54 Results

5.4.1 Comparing Example Models to Baseline

All five cases are evaluated in terms of energy efficiency and load shifting over the entire
cooling season; and all five meet zone temperature requirements for full the year. The minimum
annual ice tank SOC is checked to ensure thermal storage capacity is sufficient for all cases.
These are shown for measure demonstration purposes; conclusions on the superiority of a
configuration or control strategy should not be drawn from the data below. Such conclusions will

depend on the building type, climate, and energy objectives.

Table 5-3: Annual facility metrics

EUI Peak Demand o
Case ) Minimum SOC
[kBtu/ft~] [kWe]

Base 49.5 989 N/A

Full 50.1 797 12.3%

P1 49.3 795 14.3%

P2 49.6 801 11.4%

P3 48.8 764 1.5%

Table 5-4: Annual chiller metrics

Chiller Energy Use Average COP  Chiller Runtime

Case
[MWh] [kWi/kWe] [hours]
Base 963 2.55 5,945
Full 980 2.71 4,346
P1 942 2.76 6,286
P2 963 2.68 5,794
P3 918 2.79 6,029

Table 5-3 summarizes the energy results for the analyzed cases. In terms of energy
efficiency, all ITS are within +1.2% to -2.0% of the baseline EUI. However, all ITS reduce the
facility peak electricity demand during the ITS operating season. The peak values shown in

Table 3 are the maximum facility demand over the year; average monthly reductions range from
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14-27%. All analyzed ITS have similar or lower unmet cooling hours compared to baseline.

Annual minimum ice tank SOC values range from 1.5% (essentially empty) to 14.3%.

Table 5-4, on the previous page, lists each chiller’s annual electric energy use, average
COP, and runtime. Examining the chiller performance between cases highlights the tradeoffs in
energy use, runtime, and efficiency associated with ITS designs. All ITS models improved the
average chiller COP, shown as an annual average, but most incur either increased runtime hours
(P1 and P3) or increased energy consumption (Full). P2 produced nearly identical total chiller
energy use, but had 150 fewer runtime hours over the year — when the ice-priority discharge was
sufficient to temporarily provide full storage. This occurred occasionally in the winter and

shoulder seasons.

It is noteworthy that case P2 has the same annual chiller electric energy use, but produces
a higher EUI compared to the baseline. This is due to increased energy use associated with

pumping the working fluid at lower temperatures.
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Figure 5-3: September average daily profiles for facility electric demand

To better illustrate the variation in model performance, Figure 5-3 shows average
weekday facility electric demand profiles for the month of September. Full storage ITS provides
greater facility peak demand reduction relative to the partial storage models, but for a shorter

duration (9 vs. 13 hours), with a higher storage capacity requirement (3,200 vs. 2,000 ton-hours),
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and without the economic benefits of downsizing the chiller. P1 and P2 both have the same size
chiller, but the impact of the discharge priority and chiller limiter is observed throughout the day.
Cases P2 and P3 have the same configuration and very similar controls strategies during
discharge. However, the larger chiller in P2 recharges the ice tank more quickly each night and at

a higher power requirement.

Table 5-5 summarizes the load shifting achieved by each I'TS model. Load shifting occurs
over up to 260 days out of the year (no weekends) and constitutes annual averages between 8.6%
and 24.2% of the total facility electric load each day. P1 is significantly lower than the other ITS
models due to the static chiller-priority control applied. This results in less average daily ice
utilization compared to the ice-priority control, despite the lower fractional capacity limiter

placed on the chiller.

Table 5-5: Electric load shifting relative to baseline

Avg. Daily Shift Rel. Daily Shift ~ Annual Total

Case
[kWh] [%] [MWh]
Full 1,990 24.2% 323
P1 735 8.6% 189
P2 1,617 20.3% 308
P3 1,573 19.7% 342

The annual total shifted load cannot be directly converted into energy bill savings without
local utility rates, but does illustrate the magnitude of the flexibility in energy consumption
provided by a given ITS design. Its value is most easily visualized using a load duration curve,
where a flatter profile means a more uniform energy demand by the facility over the year. Figure
5-4 shows the load duration curves for all five analyzed cases. All ITS are flatter than the
baseline to varying degrees, illustrating the impact of control selections within the energy

simulation.
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Figure 5-4: Annual load duration curves for facility electric demand

5.4.2 Load add and load shed flexibility through post-processing

Case P2 is used for further flexibility analysis through both post-processing and the in-
simulation DR tester. The post-processing method bounds the energy use of the facility at each
timestep by modifying the ITS controls for a maximum shed or add response, but it does not

account for any rebound effects after termination of the DR event.

Table 5-6, on the following page, summarizes the load shed potentials of P2, aggregated
over the entire year. The average shed values represent the average reduction in facility peak
demand that can be achieved over the duration of the DR event, relative to normal operation. The
average energy shed represents the average reduction in facility energy use relative to normal
ITS operation. This shed potential is available for a certain percentage of the year, when cooling
loads are present and the ITS SOC is sufficient to meet them. The “Shed Availability” column
tabulates the percentage of timesteps in the year at which a full- storage demand response control
is feasible for the entire event duration specified. These results assume no-notice demand

response signals, where no preparatory changes in ITS operation are made prior to the event.
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Table 5-6: Summary of annual load shed potentials

Duration of Average Average Shed
DR Event Peak Demand Shed Energy Shed Availability
[hours] [kWe] [kWh]
0.5 128 63 57%
1 123 120 48%
2 115 208 33%
3 108 267 26%
4 100 321 22%
5 98 386 20%
6 103 466 18%

Table 5-7 presents the same analysis, but limited only to facility occupied hours (8am-
8pm on weekdays). In this example, the P2 configuration and control provides a shed flexibility
potential of 127 kWe for 30-minute events over 63% of all occupied hours. However, for 6- hour

DR events, only 90 kWe reduction in peak demand can be provided over 15% of occupied hours.

Table 5-7: Summary of load shed during occupied hours

Duration of Average Average Shed
DR Event Peak Demand Shed Energy Shed Availability
[hours] [kWe] [kWh]
0.5 127 63 68%
1 126 122 61%
2 115 209 43%
3 106 270 31%
4 100 310 22%
5 93 314 17%
6 90 322 15%

Table 5-8 displays the results of an analysis for load add events. The availability is
restricted to hours with cooling load and the chiller operating at a restricted capacity. By
eliminating the chiller restriction and stopping ice discharge, facility power demand is increased;
the ice tank SOC is preserved for later use. Changes in peak demand are not displayed, as they

are less pertinent during a load add event. Only average energy use increases are presented with
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their associated annual and occupied-hour availabilities. During occupied hours, it is nearly
always possible to absorb additional energy as the chiller is operating under partial storage.
During the late evening and early morning hours, cooling loads are small and are already being
met by the chiller. This explains why the availabilities of the load add potentials during occupied

hours are much higher than the full-year potentials.

Table 5-8: Summary of load add potentials

Duration of

DR Event Annual Occupied
[hours] Avg. Add Add ‘ Avg. Add Add_ ‘
[kWh] Availability [kWh] Availability

0.5 65 39% 66 94%
1 126 41% 130 98%
2 234 44% 257 100%
3 329 47% 376 100%
4 413 50% 486 100%
5 487 53% 586 100%
6 553 56% 675 100%

This post-processing assessment presents a method to characterize the load add or load
shed flexibility of a given ITS configuration and control strategy, for consideration in the early
design stage. If regional utility programs heavily incentivize periodic load shed events, similar
analysis can help system designers size ITS to ensure sufficient capacity will likely be available.
If excess renewables frequently result in curtailed PV-generation, the analysis can quantify the
potential service that a given ITS design might provide to help maximize renewable utilization.
Through the development of this measure, such analysis may now be readily repeated on a wide

variety of potential ITS designs using the OpenStudio platform.

5.4.3 Load flexibility testing in-simulation

As previously noted, post-processing does not capture the rebound effects of changing
ITS control strategies in response to a DR event. We select two days during a peak-cooling week
using case P2 to test and illustrate the broader effects of using the ice for dynamic load add/shed

flexibility. A three-hour load shed event is simulated on September 19th, beginning at 11:30 a.m.
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A five-hour event is simulated for both load add and load shed on September 21st, beginning at

noon.

Figure 5-5 shows the impacts of the three-hour shed event on September 19th from 11:30
to 14:30. Facility peak demand during the event is reduced by 239 kWe, from 787 kWe to 548
kWe. The total additional energy shifted out of the window is 688 kWh. There is no change to
peak demand outside the DR event window. The ice is sufficient to supply full storage during the
DR event. However, due to the additional depletion mid-day, the ice runs out before the end of
the day, thus requiring additional chiller cooling over the last few hours of occupation. The

required ITS recharge time is extended relative to the routine operation profile.

Routine ~  eeeeeeeeees 3-hr Shed
1000
Discharge Charge
800
=
~2 600
e
E) 400 z
a )
200 o
@]

Time of Day

Figure 5-5: Three-hour load shed event on Sept. 19. Rebound effects observed at end of day and
during recharge.

Figure 5-6 through Figure 5-8 show the potential impacts of a longer DR event. This day
is selected because it is one of the highest cooling loads throughout the year, thus the chiller and
ITS are already operating near their design limits under routine operation. The five-hour load

shed is selected to explore the impacts when the ice runs out prior to the end of the DR event.
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Figure 5-6: Five-hour load shed event on Sept. 21. Chiller operation is prohibited during DR
event and ice is insufficient to meet full load. Rebound effects are immediate and sever; recharge
time is also extended.

In Figure 5-6, the chiller is forced off for the entire event, regardless of the ITS
performance. As the ice runs out, at approximately 16:00, an hour before the end of the DR
event, facility electric energy increases despite the chiller being forced off. This is due to the
variable speed pumps and fans ramping-up to try to meet zone temperature setpoints. During the
event, peak demand is reduced from 771 kWe to 593 kWe. The additional energy shift totals
1,068 kWh. Immediately following the DR event, at 17:00, the chiller power spikes to provide
maximum cooling as it attempts to recover. The spike exceeds the peak demand of the facility
during routine operation, increasing the daily peak from 771 kWe to 807 kWe. As the ice is
depleted, the building cannot return to partial storage control following the event; all loads for
the remainder of the day must be met by the chiller. Recharge time is increased commensurate

with the increased ice discharge.

Figure 5-7 repeats the DR test previously described, but allows for staged chiller
operation during the DR event. As the ice approaches a low state-of-charge, the chiller is
permitted to operate up to 50% capacity. Once the ice fully runs out this chiller limit is relaxed to
the routine operation chiller limiter, which is 65% in model P2. This is not meant to simulate a

smart controller, but rather to allow chiller operation to begin meeting cooling loads without a
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large, immediate power spike in the simulation. As the ice runs out early, a large increase in
facility demand is observed as the chiller turns on at its limited capacity. Peak facility demand
during the DR event is now only reduced by 50 kWe, from 771 kWe to 721 kWe. The total
electricity use avoided during the event is 901 kWh. Rebound is immediate, but does not cause

an increase in facility peak demand for the day. Recharge time is extended as expected.
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Figure 5-7: Five-hour load shed event on Sept. 21 with chiller operation permitted during the DR
event. Immediate rebound is less severe, but peak kWe reduction during the event is greatly
impacted.

Figure 5-8 shows the performance of ITS under a load add event scheduled for
September 21st, beginning at noon. By maximizing chiller usage, and minimizing ice discharge,
the facility can temporarily increase its power demand by an average of 106 kWe for those five
hours. This value is a function of the building cooling load and chiller capacity, as a downsized
chiller may not be able to meet the full load. This would require ice discharge during the add
event, but at a reduced rate. Conversely, if the chiller is sufficiently large or the load relatively
small, the chiller may be able to go into an ice-make operation during the add event, providing

an even greater energy storage service to the grid.
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Figure 5-8: Five-hour load add event on Sept. 21. Chiller meets full cooling load during event
and ice charge hours are subsequently reduced.

The results depicted in Figure 5-5 through Figure 5-8 provide the information to bound
on the building’s flexibility over a given DR event window. The potential increases or decreases
in power or energy usage both during and after the DR event provide the necessary information
to building operators (or smart controllers) to evaluate possible responses to potential grid
signals. Such analysis, previously a tedious, custom endeavor, is now easily performed on any
building with a chilled water loop through the use of the OpenStudio measure developed in this

project.

5.5 Conclusion

This chapter presents a new OpenStudio measure that easily models ITS systems for
buildings with central chilled water loops. The measure allows users to explore various hardware
configurations and high-level control strategies, and evaluate their performance through detailed
building energy simulation. Furthermore, a built-in DR testing feature allows users to examine

the potential impacts, including rebound, of using ITS for flexible demand response.

Four ITS models are generated using the measure and compared to the baseline. With no

increase in unmet hours, facility EUT’s fall between +1.2% and -2.0% of baseline. Average daily
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shifted loads range from 7.4% to 13.3% of total facility electricity use. Total electric energy
shifted by these example ITS ranged from 189 to 342 MWh over the course of the year.

One partial-storage model is selected for further flexibility evaluation. In addition to the
load shifting previously quantified, this ITS provides average demand shed potentials ranging
from 127 kWe for 30-minute events to 90 kWe for 6-hour events during occupied hours. With
routine ITS operation, these potentials are available between 68% and 15%, respectively, of the
building’s occupied hours. Future work will increase the fidelity of chiller limiting controls

within the measure and to extend the flexibility analysis to a wider range of ITS designs.
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CHAPTER 6
DESIGN AND DISPATCH OPTIMIZATION OF PACKAGED ICE STORAGE SYSTEMS
WITHIN A CONNECTED COMMUNITY

A paper published by Applied Energy [85]. Rights managed by Elsevier.

Karl Heine, Paulo Cesar Tabares-Velasco, and Michael Deru

6.1 Abstract

The traditional implementation of cool thermal energy storage (CTES) must be
reimagined within the context of a dynamic grid and smart buildings operating as connected
communities. As most buildings do not operate central chillers or connect to district cooling
loops, this necessitates a broader use of packaged CTES. Our objective is to begin answering the
question of how such packaged CTES should be implemented within a connected community.
We do so by presenting a simulation-optimization workflow employing building energy
modeling software and a mixed-integer linear program to design and dispatch a packaged CTES
technology to achieve minimum total annual cost. We demonstrate this methodology on a seven-
building case study using current utility rates and find that total annual cooling energy costs can
be reduced by 17.8% compared to baseline, after accounting for the cost of storage. We perform
three parametric sensitivity studies to evaluate modeling assumptions and obtain the
prioritization of storage procurement as a function of annualized life-cycle cost of storage. We
find that a community optimization approach provides significantly different results than

individual building optimizations and provides greater savings compared to baseline.

6.2 Nomenclature

BEM Building energy modeling

COP Coefficient of performance

CTES Cool thermal energy storage

GEB Grid-interactive efficient buildings
MILP Mixed-integer linear program
PSZAC Packaged single zone air conditioner
PVAV Packaged variable-air-volume
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RTU Rooftop unit

SOC State-of-charge
TOU Time-of-use
UTSS Unitary thermal storage system

6.3 Introduction and literature review

The growth of renewable assets within energy generation portfolios across the U.S. is
changing the paradigm that buildings are simple energy users [86]. Instead, the future grid
requires interactive buildings with smart controls, that can coordinate with other buildings for the
mutual benefit of the building occupants, facility owners, and utility providers. These grid-
interactive efficient buildings (GEB) can provide electric load flexibility as a service to the grid
[6]. One of the primary methods of providing this flexibility is through load shifting, in which a
portion of the building’s electricity use is temporally moved into off-peak hours or hours with
excess renewable energy generation through the use of energy storage [87]. Considering the
significant energy use by cooling equipment, especially during summer mid- to late-afternoon
hours during which cooling drives electric peak demand, substantial electrical load shifting can
often be performed using cool thermal energy storage (CTES) [23, 24, 88, 89]. Furthermore,
coordination between multiple buildings with diverse electricity profiles can provide greater
value to the grid compared to controlling individual building loads in isolation [90]. A broad
research question is implied: how should CTES be installed and operated in a GEB community
to best support the dynamic generation of the future grid? This paper presents a tool to help

answer that question using the specific technology of packaged ice storage.

Centralized CTES, attached to main chiller plants, is a proven method for load shifting to
obtain energy bill savings [16, 17, 91]. Under common commercial utility rates, centralized
CTES consistently provides substantial electric demand reduction, and sometimes total energy
use reduction [92]. Building energy simulation and parametric analyses have shown total plant
operating cost reductions of 9-18.6%, and demand reduction during on-peak hours of 25-78%
throughout the year [80, 93, 94]. Optimizations of ice storage using non-linear, linear, and
mixed-integer programming [27, 95-97], neural networks and genetic algorithms [29, 98, 99],
and multi-objective approaches [25] have shown the potential to greatly reduce cooling energy

costs — up to 25-30% in hot climates with high on-peak electric rates. These studies were
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performed on a mix of individual commercial buildings and district cooling loops. Chilled water
storage is often economically preferable to ice at very large scales; however, ice thermal storage
has been effectively implemented in district cooling systems [35, 100]. In the context of a
dynamic grid, recent studies show how CTES in general, and ice thermal storage specifically,
provide a grid service, such as reducing power generation costs [48] or facilitating renewable
penetration and utilization [30, 49]. However, only 25% of commerical floorspace in the U.S. is
cooled via central plants, while an estimated 66% of commerical floorspace is cooled by
packaged rooftop units (RTU) [84]. It is this latter market category which offers the most

aggregated potential for cooling load flexibilty, but has not been well assessed in literature.

To address this growing need for thermal storage in distributed applications, recent
research has focused on the development of unitary thermal storage systems (UTSS). These are
self-contained cool thermal storage devices that can be readily integrated into a building’s
existing packaged cooling equipment, specifically RTUs [14]. While some technologies using
various phase-change materials are under development [64, 101], only one ice-based system was
commerically available in recent years [37, 102]. This system serves as the basis for a packaged
ice storage model within the EnergyPlus building energy modeling (BEM) software [36, 40].
The charge and discharge performance for this packaged unit are described in [103]. We employ

this UTSS performance regression model in this study, with additional discussion in §6.4.3.

Modeling and optimization of cooling systems as distributed energy resources (DERs) at
the community scale is an area of active research and technological development. Several studies
have shown that approaching energy flexibility at the community scale can provide greater
potential than through an individual building approach [104-107]. New tools are available for
assessing and optimizing thermal storage within the community context, both open-source [108,
109] and proprietary [47, 110]. However, none of these tools yet have the capability of modeling
or optimizing ice-based UTSS at individual RTUs. Thus, the question of how beneficial such a

technology might be to the GEB future remains unanswered.

The objective of this study is to address this research gap by developing a new workflow
that optimizes the location and operation of unitary thermal storage systems (UTSS) as
distributed energy resources (DERs) within a connected community. The contributions of this

paper are: (1) a simulation-optimization workflow for evaluating unitary thermal storage systems
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(UTSS) as DERs; (2) a mixed-integer linear program (MILP) to procure and dispatch UTSS
within a connected community; (3) a demonstration of the efficacy of this workflow and
assessment of MILP sensitivity to three UTSS model parameters using a seven-building case
study; and (4) an application of the MILP to show that community optimization of UTSS out-

performs the aggregation of individual building optimizations.
6.4 Methodology

6.4.1 Overview of simulation-optimization workflow
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Figure 6-1: A simulation-optimization workflow to design and dispatch packaged thermal
storage systems in a connected community of grid-interactive buildings. Background colors
designate element type: blue for models, white for input data sets, orange for simulation and
optimization processes, and green for final results. Section numbers indicate where the UTSS
and optimization models are presented in this paper.

We present a simulation-optimization workflow that employs BEM and MILP
optimization to design and dispatch packaged ice energy storage within a connected community.
The workflow is modular and scalable, capable of simultaneously evaluating multiple thermal

storage systems at scales ranging from a single building with one air conditioner to many
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buildings, each containing several RTUs. The workflow is intended to provide early-design
insight into the optimal placement and control of distributed cool thermal storage under the GEB
paradigm. Figure 6-1 (page 65) depicts the workflow, illustrating the required building energy,
ice storage, and mathematical optimization models (blue), input data sets (white), simulation and
optimization processes (orange), and final output results (green). There are three distinct phases

of the workflow described below:

e The Simulation phase requires building energy models and weather data. The results of
the BEM are the baseline energy use for all buildings and specific data at each RTU
cooling system for every simulation timestep. These data become inputs for both the
packaged ice storage model and the optimization program.

e The Optimization phase of the workflow requires the pre-processed parameters from the
baseline energy data, the packaged ice storage model results, life-cycle cost data, and the
electric utility rate. The packaged ice storage model is a stand-alone Python script that
uses baseline building energy data and weather data to calculate charging and discharging
capacities and efficiencies for the packaged ice storage system at each timestep and
potential installation site within the community. This model and its assumptions are
described in §6.4.3. The life-cycle cost estimate for the packaged ice storage must be
scaled to the optimization time horizon. To capture the seasonality of energy use, we
examine a 12-month window and calculate the cost of storage using an annualized life-
cycle cost (ALCC). The ALCC includes initial capital and installation costs, government
and utility incentives, annual device maintenance, and end-of-life costs, annualized over
the expected lifespan of the device. Electricity rate information is the final input required
for the optimization. Any combination of variable time-of-use energy and/or demand
charges may be used, though complex tiered electricity rates may require constraint re-
formulation.

e The Results phase post-processes the optimization outputs for (1) minimum annual cost,
(2) distributed packaged storage system design, and (3) the optimized dispatch, into user-
friendly visualizations. In assessing these results, we determine the load shift efficiency (

N ) of the optimized system, calculated relative to the total baseline energy use for the
community. It is equal to the ratio of the electric load reduction from ice discharging
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(Load Shed) and the electric load increase from ice charging (Load Add), given by
equation (6-1) (see Table 6-1 for notation). Because this metric is highly sensitive to
operating conditions and dispatch strategy, it is useful for comparing thermal storage

design and control options.

t

_ Load Shed {,|1§3,}
Tt = Toad Add Y P

t
{lR=p,}

(6-1)

6.4.2 Notation

To keep the mathematical expressions required by the UTSS model and the optimization
formulation as short as possible, single-character symbols are preferred, except where such might
cause confusion. Table 6-1 defines all notation used in both the packaged ice storage model and
the optimization program formulation. For brevity, we use the UTSS acronym to refer to
packaged ice storage systems for the remainder of this paper. Generally, parameters are
designated with lower-case symbols and optimization variables are uppercase, except for

temperature (7°), heat transfer coefficient (UA), and coefficient of performance (COP).

Superscripts provide descriptors and subscripts are reserved for indexing. Sets are also

capitalized but are differentiated from variables with script font.

Table 6-1: Notation for UTSS model and optimization program

Sets
iel Set of available UTSS types
deD Set of utility demand periods in the optimization horizon

neN Set of RTUs within the community

teT Set of all timesteps within the optimization period
teT} Indexed set of timesteps within each utility demand period d
teT ! Indexed set of timesteps during which cooling load exists at RTU n
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Table 6-1 continued

Building Simulation Parameters

COPY Coefficient of performance for RTU n at time ¢ [W%We ]
lm Thermal cooling load served by RTU n at time ¢ [kWt ]
D, Aggregated average power for the community at time ¢ [kW, ]
T,d Ambient dry-bulb temperature at time ¢ [°C]
T" Wet-bulb temperature at the inlet to RTU rn at time ¢ [°C]
UTSS Parameters
- Discharge effectiveness of UTSS type iat RTU n and time ¢ [-]
3 Nominal discharge effectiveness of UTSS type i [-]
775 Thermal storage tank efficiency for UTSS type i at time ¢ [-]
COP*"™"  Nominal Coefficient of performance for charging of UTSS i [y ]
COP/ Coefficient of performance of charging for UTSS type i at time 1 [*Vy ]
COP""™"  Nominal Coefficient of performance for discharging of UTSS i [k“%wc ]
CoP/ Coefficient of performance for discharging UTSS type i at time ¢ [k“%wc ]
q. Maximum thermal storage capacity of UTSS type i [kKWh, ]
g Nominal rate of charging of UTSS type i at time [ kW, ]
qr Maximum rate of charging of UTSS type i at time t[kW,]
g Nominal rate of discharging of UTSS type i at time [ kW, ]
qr Maximum rate of discharging of UTSS type i at time [ kW, ]
5. Constant for approximate median state-of-charge for UTSS type i [-]
T Freezing temperature of the thermal storage medium in UTSS type i [°C]

Net tank heat transfer coefficient times surface area for UTSS type i [kw/ cl
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Table 6-1 continued

Cost Parameters

o Cost of electric energy at time ¢ [%Whe ]
cl Cost of maximum average electric power during period d [%We ]

k. Annualized life cycle cost of storage for UTSS type iat RTU 1 [ ¥iyice year |

m

Miscellaneous Parameters

) Duration of each timestep ¢ [hr]
m, Maximum number of UTSS type i that may be installed at RTU n [-]
S; Initial thermal storage inventory for UTSS type i at RTU n [kW,]

Integer Variables

7. Number of UTSS type i installed at RTU n [-]

mn

Continuous Variables

P, Maximum aggregated power during period d [kW, ]

P Total aggregated power at time ¢ [ kW, ]

S Thermal storage energy inventory for UTSS type iat RTU n at time ¢ [kWh, ]
X, Average thermal load added (charged) by UTSS type iat RTU n at time ¢ [kW, ]
Y, Average thermal load reduced (discharged) by UTSS type iat RTU n at time ¢

[kW,]

6.4.3 UTSS model

Figure 6-2 provides a general sketch of how a UTSS interacts with existing building
cooling equipment. The selected UTSS integrates a packaged thermal storage unit — containing
an ice storage tank, ice-making equipment, and refrigerant management system — with the air-

conditioning equipment in a roof-top unit (RTU).
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Unitary Thermal Storage Unit Packaged Rooftop Unit

Thermal Storage

Refrigerant
Management

Figure 6-2: Depiction of a UTSS integrated with an RTU. Components of the UTSS are shown
in blue. Note the placement of the UTSS evaporator coil within the RTU airstream [71].

The UTSS model is based on a set of non-linear performance curves found in the
EnergyPlus Coil:Cooling:DX:SingleSpeed:ThermalStorage model object [36, 40] with
additional detail provided in [103]. From this BEM object, we extract the performance curves
and place them into an external Python script, to allow for workflow modularity and
independence from any specific BEM software. The coefficients used in Equations 2-4 are based

on the IceBear 30, formerly manufactured by Ice Energy Inc., and included with the EnergyPlus

UTSS model [36].

The UTSS model outputs five parameter sets required by the optimization program:

maximum rate of thermal storage discharging (¢, ), maximum rate of thermal storage charging

(c']f ), coefficient of performance for charging (C OPitX ), discharge effectiveness (€, ), and the

nt
tank thermal storage efficiency (77; ). These parameters are calculated using equations (6-2) to,

where the index of the UTSS type (i) is set equal to 1, since the coefficients are unique to our

UTSS model.

Equation (6-2) calculates the maximum rate of discharging (c]lf ) as a function of nominal

discharging rate and the wet-bulb temperature at the inlet of each roof-top unit (7 ) [72].

Because each RTU has a different mix of return air from the building and fresh outside air, the
inlet wet-bulb temperatures for each RTU at each timestep are obtained from the building energy

simulation results, rather than from the ambient conditions in the weather file.
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Gr, =g """ (-0.002765-(T;)')* +0.133949-T,-0.561476) (6-2)
The maximum rate of charge is modeled as a function of nominal charging rate, tank
state-of-charge (SOC), and ambient dry-bulb temperature (T,d ). However, to retain a linear

formulation, the timestep variation of state-of-charge must be eliminated. For a fixed dry-bulb
temperature, the maximum rate of charging varies = 7% from the nominal rate as SOC fluctuates
between 5% and 95%. Maximum charging rate decreases with SOC due to the growth of ice
around the heat exchange coils within the tank, which slows the rate of heat transfer into storage.

Rather than derive an approximate linearization of this relationship, we introduce a fixed
parameter and set it equal to an expected value for the median state-of-charge of the ice tank (5,).

We examine the validity of this assumption and the optimization sensitivity to this parameter in

§6.6.4. The simplified curve, which assumes a median state-of-charge greater than 0.15, is given:

gy =¢-""-(1.293-0.127-5,+0.0186- 5,> —0.0083-T“

(6-3)
~0.0001-(T)* +0.0013-5,-T*)
Equation (6-4) calculates coefficient of performance (COP) when UTSS is making ice

(charging) as a function of nominal COP, tank SOC, and T . The value of COP* varies by +
3% with SOC values between 5% and 95%. As in the ¢;, equation, we replace the timestep-
varying SOC with an assumed median state-of-charge ( §,) for calculation of optimization
parameters.

COPX =COP*"™".(0.6208+0.0211-5, —0.0015 -5 —0.0026 - T*

(6-4)
+0.0007-(T*)> +0.0018-5,-T*)"'

UTSS discharging COP is high (~63.9), since the compressor is off and only a small

refrigerant circulation pump operates to provide cooling to the airstream. Our method combines
RTU efficiency (COP. ) and UTSS discharging efficiency (COP," ) into a single discharge
effectiveness value (€ ) for each RTU in equation (6-5). We find this term more easily

conceptualized than extremely high COPs that are not readily comparable to nominal RTU
values. For example, if this UTSS were added to an ultra-high-efficiency RTU with a nominal

COP of 4.4 (15 EER), the discharge effectiveness would be 93.1%. However, with a standard
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efficiency RTU having a COP of 3.23 (11 EER), the discharge effectiveness increases to 94.9%.

If sufficient fidelity in the UTSS model is possessed, discharge effectiveness may be calculated

at each RTU and timestep (€, ) according to the general form of equation (6-5). Because our

nt

model does not contain a performance curve for discharge efficiency, we assume a nominal

value for discharge effectiveness ().
€, =1— (%j ~ € (6-5)
Equation (6-6) defines the UTSS tank efficiency at each timestep as a function of T,d ,
heat transfer coefficient and surface area (UA,), tank freezing temperature (Y;fz ), optimization
timestep (0 ), and maximum UTSS storage capacity (¢, ). Losses through each thermal storage
tank (77,) are relatively small, with approximately 5% capacity loss over a summer day.

SUAT! T
q;

7 =1

it

(6-6)

6.4.4 Distributed storage optimization program

6.4.4.1 Objective function

Our optimization program provides both procurement and placement of UTSS within the
community (design) and charge/discharge control signals (dispatch) over the course of the year.
The formulation is a mixed-integer linear program (MILP) consisting of twelve equation sets
(Equation (6-7) and Constraints (6-8) through (6-19)). The linear program ensures tractability
and reasonable solution times when many buildings are simultaneously evaluated, and is similar
to other strategic-level DER design-dispatch optimization tools [46, 108]. The objective function
of the formulation minimizes total annual cost consisting of energy costs, demand charges, and

the total annualized cost of storage, given by Equation (6-7).

min{Zcf CHALDWAADIDY kZ} (6-7)

teT deD ieZ neN
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6.4.4.2 Constraints

Constraint (6-8) is the heart of this formulation and calculates the optimal power for the

community at each timestep ( P,) after applying thermal storage dispatch. It converts the linear

decision variables ( X, .Y, ) for thermal load (in kW), used to charge or discharge individual

int?®
UTSS devices, respectively, into deviations from the baseline community power draw ( p, ) at

each timestep f. To accomplish this, each decision variable is divided by the appropriate

efficiency parameter. Dividing the thermal energy added from ice charging ( X,, ) is COP,*,

provided by the UTSS model during pre-processing. The thermal energy reduced by discharging
(Y

int

) is similarly divided by a COP; however, this value is from the RTU at which storage is
placed and is obtained from the building energy simulation results (C ORf,V ). The term is further
modified by the nominal discharge effectiveness (€ ) which accounts for the small amount of

electric energy used to discharge the thermal storage. The complete Y, . term represents the

electrical power avoided at a given RTU and timestep by discharging the UTSS. The full
constraint is written such that charging may occur at any timestep, but discharging can only

occur if a thermal load is present at a given RTU. Constraint (6-9) then captures the maximum

power during each demand period d.

P=p + in___ 2 COPY "IV teT 6-8

PRk conr |9 9
’ 0 otherwise

P,>P YV diteT/ (6-9)

Three constraints limit the performance of each UTSS during discharging. The total load

reduced by discharging cannot exceed: (1) the cooling demand from the building at that RTU (/

nt
), given by Constraint (6-10); (2) the aggregated maximum rate of discharge of all the UTSS

installed at each RTU, given by Constraint (6-11); and (3) the total available ice inventory at a

given timestep (S, ), given by Constraint (6-12).

int
Y Y. <l, ¥V neN,eT) (6-10)
iel
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Y, <4 -Z, ¥V ieI,neN,teT (6-11)

5-Y,<S, V ieI,neN,teT, (6-12)
Constraint (6-13) limits the UTSS charging rate to be less than the aggregate maximum

rate of charging for all UTSS installed at each RTU. Other restrictions on charging are provided

by the inventory constraints.
X, <q¢ -Z N ieI,neN,teT (6-13)

Thermal storage inventory (S, ) is initialized by Constraint (6-14) and limited to the

nt
maximum nominal storage capacity of each tank by Constraint (6-15). Constraints (6-16) and
(6-17) provide inventory balance during the applicable timesteps. Because the decision variables
are in units of kW,, the optimization timestep o is used to convert all terms into units of energy.
Energy losses due to heat transfer between the tank and ambient are applied to each previous

timestep’s final state-of-charge.

S.=S) YV iel,neN (6-14)

Sw<4-Z, ¥V iel,neN,teT (6-15)

Soe =15 Sy +6- X, =6Y, .V ieI,neN,t>1&eT (6-16)
Soi =T S +6-X,. . ¥V ieI,neN,t>1&eT), (6-17)

Constraints (6-18) and (6-19) ensure integrality and non-negativity. The number of UTSS

units permitted at a given RTU is restricted by the parameter m,, , and is determined by physical

n °

system limitations.

X, .Y .S P.P,>0 V icZ,neN,teT,t'eT',deD (6-18)
0<Z, <m,integer V ieZ,neN (6-19)

6.4.5 Limitations of this approach

There are four main limitations to our approach:

1. Median ice tank state-of-charge assumption. The first and most notable limitation to our

approach is the UTSS model’s independence of time-varying SOC. In reality, UTSS
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efficiency and maximum rate of heat transfer are functions of both ambient conditions
and SOC. However, inclusion of the SOC dependency in the optimization requires a non-

linear formulation. For our UTSS Model, we assume a fixed parameter for median state
of charge (§,) to maintain a linear optimization formulation, which helps maintain

tractability, especially for community-scale problems. The quality of this assumption is
examined in §6.5.4.

Fixed-speed compressor assumption. The second limitation of our approach is that we
assume that a fraction of the cooling load can be subtracted from a specific air
conditioning unit at a given timestep without affecting the baseline RTU efficiency. This
assumption is valid only if the RTU in question uses a fixed-speed compressor. If so,
part-load operation is achieved through equipment cycling and efficiency is only a
function of air properties, which are treated as constants during a given timestep. If multi-
stage compressors are used in the building models, our approach and formulation can still
be applied, but efficiency changes between compressor stages will be neglected. To

provide the most conservative estimate of UTSS performance, the highest efficiency
stage should be used when calculating COP. parameters.

Unchanged zone loads assumption. The third limitation of our approach is that we do not
account for the variation in zone air conditions that would occur when using UTSS
compared to the baseline building cooling systems. Because UTSS discharge on a
variable continuum to meet the cooling load, they will typically run continuously at part-
load rather than frequently cycling. This will result in much more consistent
dehumidification of the supply air compared to a direct-expansion air-conditioning unit,
which in turn will affect the zone cooling loads over time. While this will affect cooling
equipment energy use, it is unlikely to affect the optimization dispatch since it will result
in a generally consistent change in zone air humidity for the full simulation period — there
will be little, if any, differentiation between adjacent timesteps that would alter
dispatching. If possible, this effect should be explored through re-simulation of the
building models in BEM software. Such analysis is beyond the scope of this study.

No explicit accounting for changes in fan energy use. The final limitation of our approach

1s a lack of explicit accounting for the increased fan energy use when adding UTSS to the
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airstream. Each cooling coil adds approximately 0.1 in. of water (25 Pa) in pressure drop
to the airflow [111]. This addition is relatively small compared to other airstream
components, such as air filters or fan system effects; but it will be felt for the entire life of
the system and should not be neglected from final energy calculations. To accurately
capture this effect, additional fan information is required. Such analysis is beyond the

scope of this study.
6.5 Case study community

6.5.1 Building models and location

Our workflow is demonstrated using a community that consists of seven simulated
buildings located in El Paso, TX, which lies within ASHRAE Climate Zone 3B (Warm-Dry).
This location has significant seasonal and diurnal temperature variation resulting in large
variability in cooling loads over the course of the year. Typical meteorological year weather data
for El Paso International Airport is used [73] and the building models are generated using an
OpenStudio measure that creates prototype commercial buildings [112-114]. We simulate these
buildings using EnergyPlus v.9.3 using a timestep of 1 minute, which is the maximum fidelity of
the software. HVAC system types are either packaged single zone air conditioners (PSZAC) or
packaged variable-air-volume (PVAYV) systems. Table 6-2 lists the seven buildings used in this
case study, summarizing their ASHRAE Standard 90.1 vintage, HVAC system type, number of

RTUs, and the maximum building occupancy.

Table 6-2: Summary of connected community building models

Building Type Standard 90.1 Vintage HVAC Type No.RTU’s Max Occ.
Fast Food 2010 PSZAC 2 94
Midrise Apartment Pre-2004 PVAV 3 79
Medium Office 2007 PVAV 3 286
Small Office 2013 PVAV 1 31
Outpatient 2010 PVAV 2 419
Restaurant 2004 PSZAC 2 287
Retail Pre-2004 PSZAC 4 371
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Figure 6-3 shows the weighted occupancy of the entire community over a summer

weekday. Community aggregate occupancy peaks at 14:00 and remains above 50% until after

20:00.

o o o o©
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Figure 6-3: Aggregated weighted occupancies of each building type, presented to illustrate the
temporal coincidence of building occupancy and relative sizes of each building

Table 6-3 lists the total annual electricity use and cooling-only electricity use for each

building. The fraction of total annual electricity used for cooling ranges between 8.8% and

24.0% for individual buildings and is 17.2% for the entire community. Figure 6-4 shows the 15-

minute-averaged aggregated load profiles for (a) total power demand and (b) cooling-only power

demand for each building over a peak day in June. While the peak community occupancy occurs

at 14:00, on this day the maximum cooling-only power demand occurs at 14:45 and total power

demand peaks at 15:45. The fraction of total community power demand due to cooling loads on

this day is 40%.
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Table 6-3: Baseline building energy results

Building Type Annual Cooling Annual Total
Electricity [MWh] Electricity [MWh]
Fast Food 14.1 159.9
Midrise Apartment 75.9 316.2
Medium Office 128.3 648.7
Small Office 6.4 443
Outpatient 234.6 1,243.9
Restaurant 46.9 401.5
Retail 72.7 554.0
Totals 578.9 3,368.5
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Figure 6-4: Aggregated electric power demand over a near-peak summer day from the baseline
energy results: (a) total electric power demand; (b) cooling-only electric power demand

6.5.2 UTSS model data

In anticipation of new technologies, our optimization formulation is designed to handle

multiple types of UTSS; however, this demonstration only evaluates one 40 ton-hour device

formerly manufactured by Ice Energy [65, 115]. This device is well characterized through its

limited market presence and has demonstrated both building-scale and grid-scale load-shifting
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capabilities [37]. Table 6-4 lists its nominal performance characteristics, as well as the constants

used in optimization 