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ABSTRACT

This work presents a novel thermal energy storage (TES) integrated with existing
residential heat pump (HP). The research focuses on controls and configuration for energy,
demand, cost and carbon emissions savings for residential buildings’ energy consumption.
This work will be significant in developing a framework especially for reduced energy
demand and carbon emissions associated with space heating and cooling in residential
buildings. Since buildings account for about 40% primary energy consumption in U.S. and
half of that is associated with HP.

An existing air source HP in integrated with a phase change material (PCM) based
TES via active configuration where HP mediates the heat transfer. In this novel
configuration, TES is indirectly coupled to the building and behaves as heat sink or source,
only providing heating or cooling via HP equipment. We used a single TES for both heating
and cooling applications and performed a parametric analysis to determine the best phase
change temperature and storage capacity for maximum performance. The performance
parameters are energy savings, demand savings, and cost savings, achieved by shifting the

peak load and using rule-based control strategies.

There are very few studies available in literature on heat pump integrated with
thermal energy storage (HP-TES) and no standards are available to compare them. There’s
no complete experimental system found in literature that addresses controls,
configurations, and performance of HP-TES altogether. Furthermore, no simulation works

have analyzed and compared different climate zones for HP-TES performance.

We address this gap by contributing a simulation-based system and validating it
experimentally for a single-family residential building. The simulation compares different
climate zones in U.S. to determine the impact of configuration and controls on

performance.



Commercializing such HP-TES will have a broader impact on research community
and this work aligns with DOE’s goals of decarbonizing and reducing demand by 2030.
Flexible installation of HP-TES allows use of existing HP equipment for controls with
minimal space footprint, reducing installation and consumer cost that will appeal to

residential homeowners.

Keywords

Thermal Energy Storage, Residential Buildings, Heat Pumps, Phase Change Material,

Demand Response, Carbon Mitigation
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INTRODUCTION

The introduction is organized to lay a framework for this work and to highlight its
importance. It talks about residential buildings’ energy consumption and peak demand
associated with heat pumps and proposes thermal energy storage integrated with heat pump
as a solution to shift the peak loads. The research gap is established, and contributions of
this work are listed at the end of this section.

Overview

Heating, cooling, and ventilation loads in residential buildings account for about
10% of energy consumption and CO. emissions worldwide and comprises 50% of the
building electricity consumption [1]-[3]. More than 74% of electric use in United States is
attributed to buildings where heat pumps (HP) exacerbate the demand issues, as, during
the summer peak times, 50% of the electric load comes from residential buildings, which
is largely HVAC (Heating, Ventilation, and Air Conditioning) load [4]. The potential of
onsite thermal energy storage (TES) has mostly been underestimated even though its

significance for decarbonization and demand reduction has been established by researchers
[2].

TES systems locally decouple heating or cooling demand from its production. The
thermal storage properties can be leveraged from phase change materials (PCM) to not
only design a demand response strategy for peak load shifting, but also for decarbonization.
PCM which can be incorporated as passive or active storage, have the capability to store

the off-peak energy that can be released during on-peak time.

Researchers have used TES as a building material, but those systems do not have
control over when and how to use TES [5], [6]. Such systems are often utilized as a passive
storage. They can meet high cooling and heating demands while maintaining occupant
comfort [7], but that effort also poses challenges such as complex installation, material

encapsulation, space constraints, and additional controls and components [8]-[12].



TES can be coupled with existing air source, ground source, or dual source HPs in
buildings [13]-[16]. Integrating TES not only increases the HP efficiency and coefficient
of performance (COP) [17]-[19] but also offers controls, configuration, and design
flexibility [20]-[22]. HP-integrated TES (HP-TES) has a smaller space footprint and does
not require additional equipment [23], [24]. HPs can control TES charging and discharging
using existing equipment [25] while providing load shifting and cost saving benefits when
coupled with a utility tariff [26]-[29]. PCM integrated with an HP via active storage could
save energy, shift the HP loads and energy use from peak to off-peak times, and provide

grid flexibility by reducing grid stress during high-demand periods [30]-[32].

Relevance of Research

TES has gained popularity in the past few years for demand management.
Researchers have analyzed different PCM and ice-based TES for demand response (DR)

using utility controls but decarbonization potential hasn’t been assessed.

Passive TES has been more popular and there are very few experimental studies on
active TES. Furthermore, there can be number of active TES configurations that haven’t
been explored yet. Very few studies integrated HP with TES, hence, both the configuration
and controls haven’t been investigated. HP-TES provides degree of freedom in hardware
design and controls choices. Number of possibilities exist for integration using existing
equipment with minimum modifications. However, literature on HP-TES performance and
simulation is non-existent, and there are no standards or models to compare against. In
addition to providing a complete model and validated experimental prototype with a focus
on configurations and controls, we also use a single PCM for both heating and cooling in

active TES which hasn’t been done before.

TES is integrated with HP via novel coupling method and performance is analyzed
using single PCM for both heating and cooling in different climates to compare the utility

cost, electric consumption, carbon emissions and peak demand savings.



Research Gap

This work will fill a gap in literature by providing a literature review on heat pump
integrated TES with a focus on configurations. The papers that are reviewed have reported
energy savings, cost savings, or load shifting benefits of HP-TES configuration. The review
includes type of PCM used, utility-based controls for demand response, charging and
discharging operation, and location of PCM within building envelop and heat pump

components for passive and active TES, respectively.

The research gaps are identified from the literature review. To the best of our
knowledge, an HP-TES model doesn’t exist for configurations where heat pump is
mediating the heat transfer. This work will develop the model and validate the simulations
via full scale experimental setup. A salt hydrate PCM will be used with a single-phase
change temperature for active heating and cooling via heat pump, aided by TES.
Technoeconomic analysis will be performed using pre-defined utility rates and grid
emissions-based controls to report energy savings, cost savings, peak load shifting, and

carbon mitigation.

The key to using TES to provide economic and grid benefits is the development of
materials and packaging in optimized configuration and temperature range. This work is
focused on active heat pump integrated TES and technoeconomic analysis is conducted
based on,

1. Configuration for integrating TES with heat pumps.

2. PCM with single phase change temperature for both heating and cooling.

3. Controls for peak load shifting and carbon mitigation.

Table 1 shows the scope of this work and compares with the literature to identify
gap. The comparison includes active heat pump integrated TES systems studied in
literature where either carbon emissions analysis or technoeconomic analysis is performed
reporting load shifting benefits and energy or cost savings. Some papers have reported
demand reduction or peak load shifted based on utility controls, others have reduced high

cooling or heating demands and shifted diurnal loads by pre-cooling the building at night.
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Table 1: Table showing gap in literature and scope of this work.

Reference Single Active Carbon | Emissions | Electric | Utility
PCM for | HP-TES | Emission | reported | heat based
both mediated | controls pump controls
heating by heat | for Hp- baseline | for Hp-
and pump TES for TES
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This work will use TOU utility rates and marginal grid emissions data to optimize
the heat pump operation and use TES when utility price and emissions are low. The demand
reduction and cost and energy savings are compared against the heat pump integrated TES
as proposed case and electric heat pump without TES as a base case.

Problem Statement

This work will first fill a gap in literature by providing a review on heat pump integrated
TES with a focus on configurations and PCM materials used. The main contributions of
this work will be,

1. A complete HP-TES model with single PCM for heating and cooling in an active
heat pump-mediated configuration, using controls based on utility cost and grid
emissions, to demonstrate energy savings, grid benefits, and carbon mitigation
potential for various climate zones in U.S.

2. Experimental validation of the simulations based on a full-scale experimental

prototype of a PCM heat exchanger integrated with heat pump.

Figure 1 illustrates the contributions of this work and gaps in literature that are filled
by this study.

Research Significance and Contribution

This work will be a significant contribution to the literature by reviewing
configuration and PCM for heat pump integrated thermal storage for building demand

response and decarbonization.

Deliverables are an HP-TES full-scale prototype and a validated model with an

active HP-TES configuration using single PCM for both heating and cooling.

The model and prototype will demonstrate grid benefits, energy savings, cost savings,
and emission reduction. It might impact the policy for building decarbonization and

demand response as well as will present a strong business model for commercialization.
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Figure 1: Gaps in literature filled by this work and final contribution.



Research Questions

1. How much reduction in cost of electricity and carbon emissions is possible by
shifting the load from peak to off-peak hours for residential buildings in various
climates?

2. How can PCM based Thermal Energy Storage be integrated into a heat pump
for carbon mitigation, demand response, and reduced electric consumption of
heat pumps in residential buildings?

3. What is the optimum PCM temperature and heat pump configuration for

maximum economic and grid benefits of heat pump integrated TES?

Research Objective

Design heat pump integrated thermal storage using a salt hydrate PCM for
heating and cooling in residential buildings to demonstrate 50% peak demand and
carbon emission reduction using control strategies while maintaining occupant

comfort.

Dissertation Outline

Dissertation is organized into 5 main chapters preceded by Introduction and

followed by Conclusions (Figure 2).

Chapter 1 will provide a review on HP-TES. TES can be integrated with HP via
many different configurations. Researchers have either coupled TES with HP via building
envelop in passive configurations, or with HP components via vapor compression cycle or
air distribution system in active configurations. The chapter provides a review on HP-TES
configurations, charging operation, and demand impact.

Chapter 2 will review suitable PCMs for HP-TES system. Both organic and
inorganic PCMs have been used in literature for HP-TES. The chapter focuses on
performance analysis of PCMs used in various configurations, in different phase change
temperature range and TES applications.
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Chapter 3 will present a case study on techno-economic analysis for residential
utility rates in California to discuss economic implications and potential of HP-TES. A
control strategy is developed using pre-defined Time-of-Use utility tariff for load shifting.
Technoeconomic analysis is performed to evaluate energy savings, cost savings, carbon
emission reduction, and demand impact of an active HP-TES in a novel configuration. TES
is integrated with heat pump in such a way that it does not directly interact with the

building, heat transfer is mediated by the heat pump.

Chapter 4 will determine optimized phase change temperature and energy storage
by performing a parametric analysis for various climate locations in the U.S. It is
established that for active HP-TES, different phase change temperatures are used for both
heating and cooling. No study has used a single PCM with constant phase change
temperature for both heating and cooling in an active configuration. This chapter will
perform a parametric study to select a single PCM and phase change temperature for both

heating and cooling in an active HP-TES configuration.

Chapter 5 will present a detailed annual simulation of HP-TES and validated
experimental prototype. Controls are compared for demand reduction and decarbonization

for various climate zones in the U.S.
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Abstract

Buildings account for approximately 40% of the US energy consumption and 78% of
the US peak electricity usage, almost half of which is for HVAC systems. Literature
suggests that thermal energy storage (TES) can shift building peak load to off-peak periods,
allowing buildings to help alleviate the challenges associated with electric peak demand.
Numerous researchers have investigated coupling TES with heat pumps (HPS) in various
configurations and control strategies. HP-integrated TES (HP-TES) has been demonstrated
to be effective for load shifting and to provide economic benefits if combined with price-
based tariffs and controls. This study provides a critical review of HP-TES using phase
change materials (PCMs) and various control strategies. It is a comparative study on HP
controls without TES for demand response, passive HP-TES (in the building envelope),
and active HP-TES (in HP components with mechanically controlled heat transfer). The
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study provides an analysis of possible HP-TES configurations with a focus on PCM

location and system performance to compare cost savings, energy savings, demand impact,
and payback period.
Research Question

How can PCM based Thermal Energy Storage be integrated into a heat pump for
carbon mitigation, demand response, and reduced electric consumption of heat pumps in

residential buildings?
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INTRODUCTION

Buildings account for approximately 40% of the US primary energy consumption. The
residential sector represents about 21% of total US energy consumption [1], [49], [50]. The
major electric load from the residential buildings comprises 80% of the total electricity use
inthe U.S., and 78% of the peak period use during 2-8 PM [51]-[53]. Buildings are already
responsible for more than two-thirds of electricity consumption in the U.S., and energy
consumption and peak demand is often attributed to air conditioning applications. The heat

pumps (HPs) used in buildings exacerbate demand issues [4].

Buildings can play a significant role in reducing energy demand [54]-[57] and increase
the building flexibility while maintaining the temperature in a comfortable range, by

designing a load shifting strategy [54]-[57].

About 80% of American homes are detached single-family houses of an average area
of about 2600 ft2, with an average occupancy of 2.5 [1]. Typically, in US residential
buildings, there is no mechanical outdoor air exchange, or cross ventilation using natural
resources, therefore, HPs are important to regulate the humidity inside the house as well as

the indoor temperature.

HP technology offers cooling and heating from residential and commercial buildings
to chemical, petroleum, and food industries, to name a few. Although various HP types
exist, such as absorption, adsorption, or chemical reaction cycles, most commercial HP
operate based on a vapor compression cycle. HP can provide heating during cold weather
and cooling during hot weather throughout the year in mild climates as they can be operated
in both heating and cooling mode by simply reversing the operating cycle. HP might also
be considered an environmentally friendly HVAC system due to the possible utilization of
waste heat. However, even though HP technology evolved over the years and continues to
find new applications, the most efficient use of energy in the HP systems while maintaining
or improving the overall performance is crucial to reduce the net energy consumption and

consequently the greenhouse release into the environment.

13



It is often cost-prohibitive to rebuild houses or update the conventional methods, but
the HP systems can be made smart to respond to the peak demand changes. Today’s high-
efficiency HVAC and appliance products can provide energy savings, but do not generally
help with demand management and grid stress [23].

Efficient heating and cooling appliances, combined with HP controls for demand
response (DR), can provide grid and building flexibility [58]-[60], but they have numerous
challenges such as heavy dependence on user data, compromise on comfort levels without
additional storage, demand rebound issues, and need for complex controls [61]-[64].

Overall operational cost can also increase in some cases [65].

Thermal energy storage (TES), which has capability to decouple the energy generation
from its demand and usage, can be a crucial tool to shift the thermal loads. TES systems
can be easily incorporated in small to large single-family or multi-family residential
buildings. When properly controlled, thermal storage can be useful in an economic or
behavioral curtailment scenario for demand response. Major factors influencing an
appropriate TES system's choice include the energy storage period and duration, cost and
economic feasibility, and operational conditions.

The thermal storage properties can be leveraged by using phase change materials
(PCM). which can store energy to release later. Researchers have used various
configurations to employ the economic and grid benefits of PCM-TES for heating and
cooling applications in buildings. The most common configurations are to install the
material in building envelope via passive storage where the charging and discharging
process is the function of ambient temperature. High cooling and heating demands can be
met by passively using TES while maintaining occupant comfort [7], but that effort also
poses challenges such as complex installation, material encapsulation, space constraints,
and additional controls and components [8]-[12]. Researchers have used TES as a building
material, but those systems do not have control over when and how to use TES [5], [6],

hence the grid benefits can’t be maximized.
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Active storage configurations allow real-time control of TES and are proven to be
more effective than passive configurations. Active TES systems mechanically transfer the
heat and hence can control when to charge or discharge the TES. This allows the TES
systems to achieve grid flexibility, making them more suitable for load shifting and demand
management. Another benefit of active configuration is the flexibility to be installed in an

existing building infrastructure without needing a significant construction.

The active TES may be separate and removed from the space. PCM-TES can behave
as a standalone isothermal heat exchanger when integrated with HP. TES systems when
integrated with HP, can offer advantages by shifting the peak demand while maintaining
an adequate internal temperature in comfort range, without excessively using HP

equipment.

TES can be coupled with existing air source, ground source, or dual source HPs in
buildings [13]-[16]. Integrating TES not only increases the HP efficiency and coefficient
of performance (COP) [17]-[19] but also offers controls, configuration, and design
flexibility [20]-[22]. HP-integrated TES (HP-TES) has a smaller space footprint and does
not require additional equipment [23], [24]. HPs can control TES charging and discharging
using existing equipment [25] while providing load shifting and cost saving benefits when
coupled with a utility tariff [26]-[29]. Phase change material (PCM) TES (PCM-TES)
integrated with an HP could save energy, shift the HP loads and energy use from peak to
off-peak times, and provide grid flexibility by reducing grid stress during high-demand
periods [30]-[32].

This study provides a comparative review of TES in buildings integrated with HPs.
An analysis of cost and demand reduction is provided by comparing HP controls without
TES and comparing different configurations of HP-TES. System performance of HP-TES
is provided to compare energy savings, demand impact, and payback period against
different configurations, TES types, and heating and cooling applications for various

climate zones.
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Knowledge Gaps

Previous reviews have discussed TES in various applications, including residential
buildings [66], [67] and PCMs [68]-[71], but none of them reviewed TES integrated with
existing HPs with a focus on controls, configuration, and installation of TES in buildings.

Existing Reviews

Navarro et al. [72] discussed active storage systems integrated in buildings.
Additionally, various reviews discussed the state of the art of PCMs in the building
envelope and passive storage [73]-[76]. Waqas et al. [77] presented a comprehensive
review of free cooling and discussed design challenges. Some articles studied both active
and passive PCM-TES for heating and cooling [78], [79]. Wahid et al. [80] discussed the
thermal performance of PCMs in buildings to reduce electric demand. Pasupathy and
Velraj [81] also reviewed PCMs integrated in buildings and coupled with heating and

cooling systems for thermal management.

Another comprehensive article with an overview of thermal storage systems discussed
diurnal TES systems and briefly analyzed the hot and cold storage of building HVAC
systems [82]. Yang et al. [83] presented a review of active storage using PCM and
discussed the shortcomings of PCMs for active building energy savings. They also briefly

reviewed PCMs in HP and ventilation systems.

HVAC systems and control strategies for HVAC energy savings have also been
reviewed [84], [85]. Neil Hewitt [86] presented an overview of HPs and energy storage for
thermal load management. Rashidi et al. reviewed the potential of combining PCMs with
heat pipes and HPs [87]. They discussed various types of HPs, modeling of materials, and

energy saving benefits of combining PCMs with different HPs and types.

In a recent review of a compression HP coupled with TES for space conditioning,
Osterman and Stritih [88] analyzed HP-TES performance for economic and continuous
operation and to enable a larger share of renewables. They compared different storage
mediums and studied the impact of TES implementation on the system operation, energy
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efficiency, and cost-effectiveness. They studied various types of HPs for heat recovery and
to exploit their efficiency while using low-grade energy. The performance indicators were

TES size, COP, storage capacity, and greenhouse gas emissions.

Takudzwa Muzhanje et al. [89] presented a review of PCM-TES applications for A/C
with a focus on PCM heat transfer and potential benefits such as energy savings and COP
improvement. Ermel et al. [90] performed a bibliometric analysis of thermal storage with
an air source heat pump (ASHP). Gu et al. [91] examined combining PCMs with HPs in
applications such as heat storage, defrosting, and renewable energy integration.

Obijectives

In this chapter, we reviewed HPs integrated with latent TES to reduce the space
conditioning cost, save energy, and shift electric demand in buildings and present a detailed
analysis of reported results. The study provides a comparison of active and passive HPs
integrated with TES systems and how different configurations influence performance.
Although many reviews cover PCMs in buildings, a review has not been published on HP-
TES in buildings to present a technoeconomic analysis. This work provides a review of
HP-TES with a focus on system configuration, heat exchanger types, charging methods,
and available operating modes. The configuration includes TES location with regard to HP
components and within the building. This study presents an analysis of the impact on DR,
energy consumption, and cost for these systems. The analysis was conducted for three

systems:

e An HP without TES, discussing control strategies for demand impact.
e Passive HP-TES connected to an A/C or ventilation system.

e Active HP-TES embedded in or coupled with HP components.
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Scope and Organization

This study presents a comparative review of TES in buildings integrated with HPs with
a focus on configurations and controls. The impact of various configurations on

performance is evaluated for energy, cost, and demand reduction.
The chapter is divided into seven sections.

Section 1 introduces the study, defines the scope and objectives, and highlights the
gaps in existing literature. Section 2 provides the background on DR and TES in buildings
and provides definitions used in this work.

Section 3 provides a literature review of HP controls for DR and cost savings without
TES and an impact analysis of HP-TES configurations. It presents an analysis on passive
and active HP-TES configurations by comparing performance metrics (energy savings,
cost savings, and demand impact) against the PCM type, temperature, and location in HP-
TES. We focused on evaluating plumbing configurations, refrigerant integration, and a

hydronic heat exchanger (HX) for TES installation in an HP-TES system.

Section 4 explains the results from the literature review and focuses on comparative
research trends on HP-TES in literature. A bibliographic analysis is presented on different
PCMs used for heating or cooling HP-TES applications in various climate zones. A
historical trend is provided for experimental and simulation studies on HP-TES in various

configurations.

Section 5 provides a technoeconomic analysis on active HP-TES configurations,
comparing energy, cost, and demand reduction. It further provides a comparative cost and
demand analysis (payback period and load shifting) of active and passive HP-TES. Finally,
an overall performance analysis of cost savings and load shifting is presented to compare
cases with and without TES.

Section 6 provides a discussion and summarizes possible future work. Section 7

summarizes the conclusions of this study.
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Background

The power grids around the world are undergoing major changes to address the ever-
increasing energy demand and maintain physical and economic stability [92]. The
technological advances and flexibility in the design and operation of HPs can allow them
to overcome these new load patterns. Modern high-efficiency HPs and appliances can
provide some energy savings but do not generally help with demand management and grid
stress. Many researchers have used different HP control strategies for DR. Section 2.1

explains these controls to achieve building flexibility.

DR and Building Flexibility

Building energy flexibility, as defined by IEA EBC Annex 67 is "the building ability
to manage its demand and generation according to local climate conditions, user needs, and
energy network requirements” (IEA EBC Annex 67). The building structure and HVAC

system can achieve this flexibility while maintaining the occupants' comfort [56], [57].

The Demand Response ‘D.R.’ can be defined as “changes in electric use by demand-
side resources from their normal consumption patterns in response to changes in the price
of electricity, or to incentive payments designed to induce lower electricity use at times of

high wholesale market prices or when system reliability is jeopardized” [50]

A DR strategy can be designed for load shifting [93], [94]. Many utility providers have
a rate schedule that defines peak and off-peak hours of operations. During the high-demand
(peak) period, the utility rate is usually higher than the normal (off-peak) hours. Consumers
can take advantage of this scenario by load shifting, in which loads are shifted from peak
to off-peak hours. Load shifting can also reduce grid stress, providing more flexibility as

the energy usage during the high-demand periods decreases [95].
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Utility Rate Structures

Several types of utility rate structures may be available depending on the building type
and purpose, the availability within the electrical provider and municipality, and the
metering capabilities.

The most common and historical utility plan is a flat-rate pricing structure. At all
hours and all energy usage levels, the consumer will pay the same price for each unit of
energy from the grid. A tiered plan will adjust the price according to the quantity of energy
the customer uses, often restarting monthly. Two or more tiers are corresponding to
specific electrical usage quantities for which the price of electricity changes in each tier,
often increasing the price as the customer uses more energy. All other utility rate tariffs

may have tiers.

EPRI [96] in their technical report has divided demand-side management strategies
into event-based and non-event-based treatments. An event-based treatment activates in
response to certain immediate signals from the environment that are unplanned or
unpredictable. A non-event-based treatment may follow a predetermined schedule or be a
systematic change to the building and is enacted regardless of the immediate environmental

factors.

Examples of event-based treatments related to building energy include a thermostat
that monitors ambient weather conditions and adjusts indoor temperature setpoints and
humidity, a thermostat equipped with motion sensors that monitor building occupancy and
conditions spaces accordingly, building reactions to real-time pricing, and networked
electrical plugs that activate in response to specific data such as excess grid supply, low
carbon energy sources, or proximity of the user to the building. There are many more
event-based treatments. The distinguishing feature is communication between the building

and external systems, with the building having some autonomy in its energy usage.

Non-event-based treatments include time-of-use utility pricing in which the electrical

energy is priced hourly based on a predetermined schedule, improving building insulation
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and thermal capacitance, replacement of appliances with more efficient versions, and
occupant-operated changes to the building operation such as seasonal thermostat
adjustment. There are many more non-event-based treatments not listed here. These
treatments are often conscience decisions of the occupants onto the building which seek to

fortify the building’s energy efficiency.

Real-time pricing (RTP) is, as the name suggests, electrical pricing at or near the bulk
wholesale price. RTP plans can change prices hourly for residential customers or at even
greater frequencies for commercial and industrial customers. A variation of the RTP rates
is day-ahead pricing where the next day’s hourly electrical pricing is determined based on

model forecasts of supply, demand, and weather.

Time-of-use (TOU) pricing follows fixed schedules for the duration of the contract.
The price is determined for all time periods, often hour blocks, in the year. The electrical
price varies with the month, day of the week, hour, and whether it is a holiday. On-peak
refers to the hours with the highest daily utility cost, off-peak to the lowest. Some TOU
plans may have several levels of pricing suggesting there can be several mid-peaks.

Variable peak-pricing (VPP) follows a schedule throughout the year similar to TOU,
however, the utility may adjust the mid-peak or on-peak pricing under certain
circumstances. For many residential customers, there may be restrictions on the maximum
price, duration, advance notice given, and several instances in which these events occur
depending on the governing body overseeing the utility provider. Commercial and
industrial customers may have fewer protections and could be subject to more events,
unforeseen price changes, or even short-notice power cuts. In some instances, the timing,

frequency, and price change may be codified explicitly into the utility agreement.

A non-event treatment such as TOU utility rate is effective even after it is onset, rather
than only during critical events, so it can be hypothesized that these treatments can reduce

the overall energy use in addition to the usage shift towards targeted times of the day. Real-
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time pricing (RTP), and variable peak pricing (VPP) have the characteristics of both kinds

of treatments as prices vary according to the supply conditions. [96].

These treatments can reduce the overall energy use in addition to the usage shift toward
targeted times of the day [96].

DR strategies and HP controls can provide some cost and demand reductions, which
are reviewed in Section 3.1. Meanwhile, TES can decouple the energy generation from its
demand and usage and can be a crucial tool to shift the thermal loads. By using TES to
store the energy for later use during peak hours, demand management systems can be

designed to take advantage of lower utility rates during off-peak hours.

TES in Buildings

Thermal energy storage (TES) is becoming increasingly popular as a tool to level out
electrical grid demand and add stability to the grid as more intermittent renewable energy
sources are installed. TES systems locally decouple heating or cooling demand from its

production.

Thermal energy storage stores high- or low-temperature energy temporarily to be used
later [97]. TES systems can be easily incorporated into small to large single-family or
multi-family residential buildings and all types of commercial buildings. They are designed
to trim the building's electrical demand profile by reducing the energy usage and high

demand costs arising from summer cooling and winter heating needs [98].

Major factors influencing an appropriate TES system's choice include the energy
storage period and duration, cost and economic feasibility, and operational conditions. The
building's thermal load is highly dependent on the weather conditions and the thermal
quality of the building envelope. Therefore, improving the heating or cooling systems'
efficiency and building thermal quality is essential in conserving the energy and
environment [99]. These systems can optimize thermal equipment; they can be an effective

and economical replacement of the energy resources on a large scale, thus reducing the
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disparity between thermal energy demand and supply. If a system is designed carefully and

smartly, it could also cut down the preliminary cost and maintenance expenditures [97].

TES is classified into three types based on the principle of energy storage: sensible,
latent, and thermochemical. Sensible storage systems accumulate energy by increasing or
decreasing the temperature of the storage media (e.g., salt, water, soil, etc.). The energy by
phase transition (e.g., frozen water storage in ice and storing heat by melting paraffin
waxes) is stored as latent heat. In thermochemical storage, a chemical reaction is used to
store or release energy [99]-[101].

The thermal storage properties can be leveraged by using PCMs to allow conventional

HPs to function more during off-peak hours.

For an effective system, the phase change materials (PCM) must perform their phase
change at temperatures in the operational range of the designated thermal application.
Often, the phase change occurs over a small temperature range, thus these systems are near
isothermal in operation. When a PCM melts from a solid to a liquid state, energy is
absorbed from the surroundings. Solidification is the opposite of the melting process,
where the energy is lost to the surroundings [102].

PCM-TES can behave as a standalone isothermal HX when integrated with an HP and
can offer grid flexibility while maintaining an adequate internal temperature for occupant
comfort without excessively using HP equipment. The overall load on HVAC can be
reduced by storing energy in a PCM, depending on the melting temperature in the phase

change process.

For buildings, HVAC systems are needed to maintain a comfortable temperature inside
during warmer weather months. However, the temperature for the PCM-based building
materials will only tend to increase until it gets to the point of phase change. The incident
energy at this point is continually absorbed through the latent heat of fusion while
maintaining the same temperature. The load on HVAC could be significantly lowered if

this temperature can match the comfortable temperature range of the building. This is
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predominantly suitable in the regions with a wide-ranged climate, where heat could be used
through the sun during the day, while there will also be cool nights, where heat will be
released from the PCM [102].

Generally, two classifications of PCMs are suitable for building systems: organic
PCMs and inorganic PCMs. Organic PCMs such as paraffins, have low heat conductivities
and are flammable, whereas inorganic PCMs, such as salt hydrates, are relatively
inexpensive, are easily synthesized, are nonflammable, and possess high storage capacity
and higher thermal conductivity compared with organic PCMs [103].

The application of PCMs in buildings to harness energy could be produced either
naturally, such as with seasonal heat and cold, or by artificial means, such as electric
heating elements or HPs. Any energy storage system should at least possess the following

components:

o Material with the desired phase change temperature range

e HX or storage tank suitable for PCMs

HP-TES Configurations and Definitions

Building integration with TES can be divided into three types: active, passive, and
hybrid systems. Active TES systems rely on some mechanical work to transfer heat
between the space and the PCM, and the decision of when to charge and discharge is
determined by controller hardware. However, for passive TES systems, the heat transfer
requires no mechanical work; TES charging and discharging occur according to an
uncontrolled independent variable such as ambient temperature and PCM phase change
temperature. Hybrid TES can be a combination of either active and passive TES, or an
additional system like solar heater is coupled. Figure 3 shows various active and passive

TES methods of integrating PCMs into buildings.

PCMs in passive TES are incorporated into the building envelope and are thermally

coupled directly with the space to be conditioned.

24



I

Figure 3:PCM-TES in active and passive storage



PCMs can be in exterior building walls, separating conditioned from unconditioned
spaces, or in interior walls, separating two conditioned spaces. PCMs could also be mixed
with building wall materials, such as concrete or gypsum, either directly or with
encapsulation [66], [70], [75], [79], [104], [105]. PCMs in active TES are integrated into
HP components or coupled with the building’s heating, cooling, or ventilation system. The
TES may also be separated and removed from the space via standalone HX. Active HP-
TES allows real-time control over when the TES is charged and discharged. One advantage
of active configurations is the ability to add TES to existing building infrastructure without
significant construction. Active HP integrated configurations can be further categorized as
direct and indirect configurations depending on the heat transfer control mechanism.

Detailed definitions of these terms are provided in Table 2.

Literature Review

Researchers have investigated DR management systems with price- or demand-based
control strategies for cost and peak demand reduction without using TES. To provide a
comparison of cases with and without TES, Section 3.1 presents a literature review on cost
savings and peak load shifting without TES, and Section 3.2 discusses HP-TES

configurations.

Controls for HPs without TES

The impact of time-based utility pricing on residential electricity use with different
load and demand control strategies has been investigated [106]. The results suggested that
the A/C cost and peak demands in buildings can be reduced, depending on utility rate
structure, weather, building occupancy and thermal capacitance, and characteristics of the

cooling system [107].

A few models with no thermal storage have been developed for diurnal load shift by
preconditioning the building at night. Rabl and Norford [108] developed a model to reduce

summer peak load in buildings by preconditioning the preceding night.
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Table 2: Definitions of active, passive, direct, and indirect TES configurations

HP-TES
configuration

Definition

Passive HP-TES

TES charging and discharging occur according to an uncontrolled
independent variable such as ambient temperature and PCM
phase change temperature. HP is indirectly used by overheating
or cooling buildings

Active HP-TES

TES is directly or indirectly coupled with HP and the decision of
when to charge and discharge is determined by controller
hardware

Direct HP-TES

Heat is exchanged directly between the TES and the conditioned
space. TES is directly used to heat or cool the building

Indirect HP-TES

An HP mediates all heat exchanges between the TES and the
conditioned space. The TES and conditioned space thus do not
directly exchange heat. TES is used as heat sink or heat source of
HP
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A building model based on internal load, temperature, and solar data was developed and
integrated with dynamic thermostat control strategies. The researchers, however, lacked
data to predict the amount of peak load that could be shifted [108]. A dynamic building
control strategy to reduce the A/C cost and peak demands in buildings was also investigated
[107]. The state of the building’s thermal storage was controlled by varying building zone
temperatures over time within the comfort region. The cooling load was shifted from
daytime to nighttime to utilize low utility rates and reduce the peak demand. The reduced
cost was found to be a function of utility rate structure, weather, building occupancy and

thermal capacitance, and cooling system characteristics [107].

Researchers have achieved building flexibility and reported energy and cost savings
by developing a dynamic control model for HPs and buildings without using TES. Gottwalt
et al. [109] presented a model to generate the load profile of a house under flat tariffs and
simulated the varying profiles using TOU tariffs with smart appliances to investigate the
impact on utility bills. Besides heat pumps for space heating, they used a variety of
appliances including kitchen appliances, water heaters, and washing and drying appliances.
The simulations were carried out in reference to the households in Germany and they
concluded that except for the heating devices like water heaters and heat pumps, the
economic benefit of investing in other smart appliances is low. They recommended that for
the U.S. households, with a majority using electric water and space heating, the economic
benefit will be promising. The air conditioning was not included in the study because of
less relevancy to German households either and is recommended for the U.S. case study.
Since, TOU tariffs could create new demand peaks, building flexibility can be achieved no
matter the appliance or region, and the utilities can balance the demand and supply since
they need a large hourly load to be shifted. TOU tariffs could achieve grid and building

flexibility by creating new demand peaks regardless of the appliance or region.

Vrettos et al. [110] investigated the residential buildings’ response to three price
signals; day-night tariff, day-ahead dynamic tariff, real-time dynamic tariff. DR was
evaluated for five appliances, including HPs. They demonstrated that most of the energy
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shifting potential could be achieved by a price step with a duration of up to two hours. The

building was more responsive to the known price signals such as day-ahead tariffs.

Yoon et al. [111], and [112] modeled a demand response controller (DRC) for homes
in Austin, Texas, based on historical real-time data for the Electricity Reliability Council
of Texas (ERCOT). They demonstrated that, depending on the house's size and utility price
structure, up to 24.7% of HVAC peak demand loads can be reduced, reducing annual
electricity consumption by 4.3% and providing up to 10.8% cost savings while maintaining
occupant thermal comfort.

Schibuola et al. [113] simulated HP control based on real-time pricing, using three
control strategies for DR, and showed up to 30% savings in electricity consumption cost.
The HP was integrated into the smart grid and coupled to water heater. The system was
simulated in EnergyPlus, and an 18% efficient PV panel was used for on-site energy
generation. They demonstrated better performance for the control strategy that forces the

HP to turn on when the PV system generates electricity.

Farrokhifar et al. [114] investigated the energy usage of 15 appliances in the building
and recommended that HPs could be investigated to provide better energy management.
The appliances were classified into two categories, non-programmable appliances such as
T.V., computer, lights, etc., and smart appliances like the dishwasher to respond to the
fluctuating time prices by programming their time of operation. They presented an energy
management system with reduced electric consumption costs, based on real-time pricing,
and preventing the high peak demands. All appliances were investigated for total building
energy usage and studied with five cases based on different energy-cost ratios and
compared by varying the number of peak hours, peak demand charge, and the run-time and
energy usage of appliances. The maximum cost saved was 22.4% in case 5, where double-

peaked tariff has been considered and the energy-cost ratio was 0.48.

Romero Rodriguez et al. [115] evaluated the energy consumption and cost for an HP

using dynamic pricing and benefitting from the building’s thermal mass. They reduced the
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peak time usage of heat pumps and reported 25% cost savings using optimal strategies. The
building became overheated because dynamic pricing control caused infrequent activation
of the HP.

Arabzadeh et al. [116] developed a predictive cost-optimal DR control for HPs in
residential buildings with on-site, roof-integrated PV energy generation under cold climate
conditions. The model predicts a building’s heat demand one day ahead, which is
implemented to optimize the grid electrical energy consumption. The excess energy
generated by PV was sold back to the grid.

Table 3 summarizes the cost savings and demand impact for systems without TES,

using various demand and price control strategies.

The role of HPs and TES was also investigated for load shifting and demand-side
management [94]. TES was coupled with an HP with radiators or underfloor heating to
study the impact on thermal comfort. With the HP turned off during peak hours, the
electricity bill was reduced without compromising comfort, but no significant demand

reduction was reported.

Ali et al. [118] evaluated the DR potential of residential HVAC loads. They
maintained that value can be added by supporting the HVAC system with even a small
TES system. In a study to investigate the DR impact on thermal comfort and cost in a
residential building with an electric HP, 10% energy cost savings were reported using a
predictive control strategy [119], and 12% of energy was saved in addition to the cost
savings when a hot water storage tank was coupled with an HP with the predictive DR
control [120].

The DR control strategies without TES can reduce the overall cost but cannot provide
energy savings, so the demand impact is not comparable to the grid flexibility provided by
HP-TES. When properly controlled, thermal storage can be useful in an economic or
behavioral curtailment scenario for DR. The DR control and TES together offer more

stability and grid benefits, as discussed in the upcoming sections.
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Table 3: Demand management without TES

Reference | Control Tariff Appliance Cost Demand
strategy savings impact
[109] Dynamic Day-ahead hourly | HP (heating) | Not Hourly load
building control | TOU and water | reported | shift
heater
[110] Dynamic Day-night  tariff, | Five Not 2 h of load
building control | day-ahead appliances, reported | shifted
dynamic tariff, | including an
real-time tariff HP
[113] Dynamic price | RTP HP (heating | 30% Not
control and cooling) reported
with a smart
grid, coupled
with a water
heater
[114] Dynamic price | RTP, TOU 15 appliances | 22.4% Peak load
control shift
[115] DR control Dynamic HP coupled | 25% HP did not
electricity pricing | with the operate
building’s during peak
thermal mass hours
[116] Predictive DR | Dynamic HP (heating) | 12% with | 24%  less
control electricity pricing | and  on-site | predictive | energy
PV energy | control, consumed
generation 43% with | due to PV
on-site
PV
[117] Precooling for | Predefined peak | Low thermal | Not 50%—75%
various climates | times from TOU | mass building | reported | peak load
rates with HVAC shifted
[111] Dynamic price | RTP HVAC 12% 24.7%
control (cooling) HVAC
cooling
load
reduced
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HP-TES Configurations

PCM-TES can be integrated with HPs via various configurations, as shown in Figure
4. Passive configurations (shown as ovals in Figure 4) are integrated in the building
envelope. Active configurations (shown as horizontal cylinders in Figure 4) are integrated
in HP components or an HX coupled with an HP. Some locations in the building envelope
provide both possibilities, so PCMs can be directly embedded in ceiling, wall, or floor via

passive storage and installed via active storage in an HX placed at these locations.

The research on passive HP-TES and active HP-TES configurations is reviewed in this
section. This section discusses different configurations investigated in the literature. Based
on PCM type and configuration and on price- and demand-based controls, these

performance metrics are summarized:

e Energy savings (energy, COP, power, and load reduction)
e Cost savings (daily/annual cost and payback period)

e Demand impact (load shift, instantaneous power during peak, and demand reduction)

Passive HP-TES

Various passive storage configurations have been investigated in literature. PCMs can
be coupled with a ventilation system or standalone cooling or heating systems via passive
storage [121]-[123]. This section discusses HP-coupled passive configurations in which
PCMs are integrated in the attic [124], [125], floor [126], [127], internal building envelope
[128], [129], wallboard [130], [131], frame wall [132], or window [133] for load shifting
and energy and cost savings. The performance of passive TES is highly dependent on the
occupant’s choice of indoor set point temperature, and passive TES does not have

controllable parameter that can be manipulated in real time by a controller.

Numerous studies have demonstrated energy savings using free cooling or heating to

charge PCMs, usually overnight, and passively blocking thermal loads.
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Figure 4: Possible configurations for PCMs integrated in a building
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Halford et al. [124] shifted the peak A/C cooling load using a salt PCM perlite mixture
with a melting temperature range of 28°C—-40°C. The PCM melting temperature varied
relative to the ambient temperature. The material and temperature were selected to change
the phase during peak times of the day by absorbing heat from the ambient and releasing it
later when the temperature lowers or A/C causes the solidification. The material was stored
in the attic in two layers of insulation. The developed model was based on a simple
geometry with many simplified assumptions to explore the approximate value of the
resistive, capacitive, resistive configuration. The simulation results were compared against
varying heat flow without the PCM application as an insulation-only baseline in which the

heat transfer takes place through the resistive wall.

Barzin et al. [126] and Devaux et al. [134] used underfloor heating systems in
combination with natural solar irradiation to charge PCMs for heating. Though significant
savings per day and per week were achieved, the indoor comfort was compromised often
because of overheating. Plytaria et al. [127] combined a solar collector and PV system with
a water-to-water HP, and an underfloor heating system contained PCMs. A storage tank

was also used for hot water, which provided convective heating.

Kosny et al. [125] modeled a passive attic insulation and compared two configurations
using a 30% condensed and a 90% dispersed paraffin PCM layer. The melting temperature
range was 22°C-27°C, and the freezing range was 20°C-26°C. The model was complex
and was analyzed in detail, and the building model considered internal gains and
construction material properties. The configuration with the condensed PCMs performed
better than the other. Within that configuration, PCM locations were also analyzed, and the
PCMs installed on the bottom of the attic floor insulation yielded the best results with the
13 mm PCM layer.

Tables 4, 5, and 6 summarize the configuration and impact analysis of passive TES
systems coupled with the conventional HP or A/C system. Tables 4 and 5 describe the
cooling-only and heating-only cases, respectively. Table 6 provides information on both

heating and cooling cases.
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Table 4: Passive TES configurations with cooling only

Study parameters Study outcomes
Source |PCM type | PCM Climate |Notes |Charging |Energy |Deman |Cost
&  phase|location | & study method savings |d saving
change approac impact |s
temperatur h
e
[124] |Salt PCM|Inattic |Simulati |Peak |PCM stores| Not 19%- | Not
perlite on Las|load heat from | reported | 57% reporte
mixture Vegas, |shift ambient peak d
Nevada, during peak load
United times to reduced
States solidify
later
[129] |Bio PCM/|In walls|Simulati |Retrofi | Night Summer | HVAC |30 year
(23°C) to on, t to | convective |energy |load paybac
enhance | Termoli, |reduce |cooling. consum |reduced |k
envelope | Italy cooling | PCM ption by 6.1% | period
of air- deman | prevents reduced
condition d, no|overheating | by
ed tariff 11.7%
building reporte
d
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Table 5: Passive TES configurations with heating only

Study parameters Study outcomes
Source |[PCM type |PCM Climate |Notes |Chargin |Energy |Deman |Cost
&  phase|location |& study g savings |d saving
change approach method impact |s
temperatur
e
[126] Paraffin In Experime |Price- |PCM 44.4% | 3-4 hof | 35%
(28°C) wallboar |nt, based |charged |energy |peak cost
d with Auckland, | control | during savings |load savings
underflo | New the night | per day |shifted |per day
or Zealand using
heating underflo
or
heating
and an
AJC unit
[127] Bio PCM Inan Simulatio | Hybrid | Solar- 42%— | Heating |9.61-
Q29 (29°C) |underflo |n, Athens, |system |assisted |67% demand |22.06
or Greece HP and |electrici |reduced |year
heating underflo |ty by 40% | paybac
system or savings k
system | (winter)
used for
charging
[130] Fatty acids |Inwall |Experime |Diurnal | Passive |5%— Not Not
(21°C- (direct nt, load solar 20% reported | reporte
22°C) solar Helsinki, |shifting | gain energy d
gain) Finland, savings
and
Madison,
Wisconsi
n, United
States
[131] Ammonium | In Experime |Price- |PCM 60% 5hof |62.64
chloride DuPont | nt based |charged |energy |peak % cost
(21.7°C) wallboar | Auckland, | control |using savings |load savings
d New solar per day |shifted |perday
Zealand heat
gains
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Table 5 Continued

[132] | 7 PCMs In frame | Simulatio | Effect | PCM 10%— | Air 18.6
(3°C- wall of n, onair | wall 11.2% | handlin | year
20°C) an air- Jeddah, handlin | stores energy | gunit | payba

condition | Saudi g unit | heat savings | power | ck
ed Arabia energy | from usage
building usage | solar decreas

radiatio ed by

ns, 11.73%

energy

losses

minimiz

ed

[134] | PCM In wall, Experime | 10 day | Combin | 32% 25%— | 42%
gypsum ceiling, nt and period | edsolar | energy | 9% cost
board and an simulatio | analyze | and savings | peak saving
(27°C- underfloo | n, d underflo load S per
29°C) r heating | Auckland or shifted | week

system , New heating
Zealand to
charge
PCMs
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Table 6: Passive TES configurations with both heating and cooling

Study parameters Study outcomes

Source |PCM type|PCM Climate |Notes |Chargin |Energy |Deman |Cost
&  phase|location |& study g savings |d saving
change approach method impact |s
temperatur
e

[125] Paraffin In attic | Simulatio | Dynam | Passive |3.6%— |Reduce |Not
(cooling: insulatio |n, ic load|cooling |6.2% d peak |reporte
22°C- n Phoenix, |shift and heating |load by|d
27°C; Arizona, heating |and 25%—
heating: United dependin |3.1%- | 35%
20°C- States g on | 5.6%
26°C) ambient | cooling

load
savings
annually

[128] Bio PCM|In Simulatio |Peak |PCM 9%-30% |1 h of |10%—
(29°C) building |n, Tempe, | load melts or|energy |peak 30%

envelope | Arizona, |shift solidifies | savings |load cost
(ceiling, | United based on shifted |saving
floor, States ambient S
wall)

[133] Paraffin In Simulatio | Deman | Preheatin | Energy | Demand | Not
wax (16°C— |ventilate [n, New|d g and | savings |-based |reporte
23°C) d York, control | precoolin | of savings |d

window | United strategi | g through | 10.1%— | of
States es ventilatio | 12% in | 14.7%
n summer |in
and summer
26.6%— |, 30.4%
32.8% in|in
winter winter

[135] n-paraffin | In frame | Experime |Peak |PCM 8.6%— Peak Not
(20°C- wall of |nt, load charged |10.8% load reporte
30°C) air- Lawrence, | shift using cooling |shifted, |d

condition | Kansas, ambient |load spread
ed United temperat |reduced |over 13
building | States ure and h
diurnal
swing
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Figure 5 shows the locations of different passive HP-TES systems in building, as
reported in literature. All of these are embedded in the interior or exterior envelope of the

building.

The energy and cost saving benefits are more prominent for heating-only systems than
for cooling-only systems. Most of the heating systems use solar heat gains passively to
charge the PCM, and the diurnal temperature difference works in the building’s favor to
discharge PCM at night, simultaneously shifting the demand to off-peak hours. In the
cooling-only case, for the free or passive cooling, the building’s thermal capacity is
enhanced. PCMs store the solar heat during the day that otherwise would be accumulated
by the building and solidify when the ambient temperature drops. Such systems do not
necessarily provide A/C and depend on ambient temperature, solar radiation, and diurnal
temperature swing range. An additional system is required to control and charge the PCMs

to achieve significant savings.

For both systems, indoor comfort is often compromised, and combined annual benefits
are not as promising as for heating-only systems. Thus, the payback period for most

systems is more than 10 years.

Active HP-TES

Ideally, passive TES configurations can offset the peak demand by shifting loads.
However, they cannot control the charging or discharging operation to optimize grid
benefits. Active HP-TES configurations offer a high level of control of indoor conditions
and improve heat energy storage [23] by allowing real-time charging and discharging for

grid-interactive operation.

We categorized active TES configurations into three types based on PCM location and
integration, and each type is addressed in the following sections. The three types are as

follows:

1. Building envelope integration
2. Air distribution system
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Figure 5: Passive storage locations in the building.
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3. Vapor compression system (VCS): load side and source side

Building Envelope

Few studies have examined active configurations in the building envelope. In these
studies, PCMs are installed in an HX coupled with an HP or HVAC unit.

Mazo [46] developed a model to simulate a PCM radiant floor system coupled with an
HP that operates during the night to supply hot water to the system. The stored energy is
discharged during the day to shift the electric energy consumption from peak hours.

Kondo [136] enhanced a PCM ceiling board to reduce the air handling unit (AHU)
load for A/C using peak shaving controls. The cold air from the AHU passes through the
ceiling chamber, charging the PCM overnight using a less expensive nighttime tariff. The
stored cooling energy is then used to precool the return air during peak hours, thus reducing
the thermal load.

Zhu et al. [137] studied the influence of different demand-limiting control strategies
on energy consumption and electricity cost of air-conditioned buildings using PCMs in the
wall to enhance the envelope of the air-conditioned PCM building. They developed and
used two control strategies for load shifting and demand management. The load-shifting
strategy reduced energy consumption by using off-peak electricity to store the cooling
energy, and the demand management strategy reduced the peak demand by resetting the
temperature set point. The PCMs were precooled during the off-peak period and discharged
during peak hours.

Air Distribution

PCMs can be installed in the supply or return air distribution loop, which is the most
used configuration in HP-TES literature. Notable studies are described in this section;
others are covered in Tables 6, 7, and 8.

Yamaha and Misaki [138] evaluated peak shaving using PCM-based storage equipped

with an air distribution system for cooling. The A/C was turned off during peak hours, and
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the stored energy was discharged through night-cooled PCMs. The paraffin-based PCMs

with a 19°C melting temperature maintained the comfort level during the discharge period.

Tyagi et al. [139] assessed the thermal performance and economic evaluation of PCM
encapsulated in thermal management systems equipped with A/C to reduce the cooling
peak demand by offsetting the peak period cooling energy. The proposed system was tested
in India’s hot climate by discharging at three different heat loads. The study suggests that

the system can be economical and efficient in hot and humid areas around the world.

Chaiyat [140] and Chaiyat and Kiatsiriroat [141] improved the cooling efficiency of a
conventional HVAC system using PCM-TES for the climatic conditions of Thailand. The
PCM was solidified during the night by the cold air from the HP. During the day, return
air from the room was passed through the PCM, liquifying it and reducing the cooling load
at the evaporator.

Vapor Compression System

PCMs can be installed in or coupled with HP components of the VCS (i.e., compressor,
evaporator, and condenser). Some studies are described in this section, and others are
summarized in Tables 7, 8, and 9.

PCMs in a chiller were investigated by Bruno et al. [142]; energy savings were
achieved by using PCMs for off-peak cooling. The cooling energy was provided through
the chiller to the PCMs for solidification or to the building during off-peak hours. Although
about 85% of the cooling energy could be offset using an ice-based system, the overall
energy demand increased by 7.6% because of the exergy loss by using TES. A PCM with
a 10°C melting temperature could save 13% energy. The authors suggested optimizing the
charging time and duration depending on the outside temperature to minimize energy

consumption.

Many researchers have used PCMs in one or two storage tanks for heat and cold
dissipation [143], [44], [144]-[146]. Real et al. [143] used PCMs to enhance HP
performance using two thermal tanks for cold and hot storage. A cold tank was used to cool

42



the PCMs at night, and the other tank acted as an alternative hot reservoir to increase system
flexibility. This system was efficient because the COP did not depend on the outside
temperature. In total, 18.97% energy savings were achieved; however, the system must be
verified in real conditions because this was a Solar Decathlon project. Moreno et al. [147]
also integrated two storage tanks into the evaporator of an HP. The HP was turned off

during the day and was operated at night to charge the PCMs.

Mosaffa et al. [44] used a combination of PCM TES coupled with a refrigeration
system for A/C and performed experiments for cooling analysis and peak load shifting. Air
was cooled by a PCM during the day, and the heat was extracted from the thermal storage
through A/C at night. Three different PCMs were used: RT27, S27, and SP25. The system
with S27 had the lowest cost, and the one with SP25 reported the highest COP of 3.434.

Jaber et al. [144] coupled PCMs in an HX with the indirect evaporative cooling system.
The PCMs only provided for 80% of the cooling demand, but the cost was reduced.

Long et al. [145] and Zou et al. [146] used an HX coupled with the compressor. Long
etal. [145] developed an ASHP water heater with PCMs and used fin-type HXs to improve
the heat transfer because the paraffin PCMs had a slow heat transfer rate. During off-peak
hours, the refrigerant absorbed heat through an evaporator at the air side and released the
heat to the PCMs through a condenser. The PCMs solidified during peak hours, and the
heat from the PCMs was used for water heating. The space requirements for a water tank
were eliminated with this system. Zou et al. [146] improved the heat capacity and COP of
an ASHP water heater with a PCM integrated water storage tank. The heat transfer was
improved using fin-type HXs for PCM installation, and the condenser was coated with

PCMs to increase the heat transfer area.

Dong et al. [3] improved the efficiency of a PCM TES integrated with an electric HP
and enabled grid-responsive HP control. They used a novel PCM integration employing

indirect use of PCMs mediated by an HP, and TES indirectly provided conditioning
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through an HP during discharge by improving its COP (Figure 6) instead of commonly

used configurations in which PCMs directly exchange heat with the building.

Tables 7, 8, and 9 summarize the configuration and impact analyses of active TES
systems coupled with conventional HPs or A/C systems. Tables 7 and 8 summarize systems
that address cooling only and heating only, respectively. Table 9 provides information on

both heating and cooling cases.

Figure 7 shows the locations of active HP-TES systems in building as reported in
literature. Active HP-TES are coupled to building or HP components via HX or storage
tank.

A notable experimental study by Gohar and Farid [148] compared the thermal
performance of passive and active TES systems and confirmed that PCM in active HP-TES
can be easily installed or removed from a standalone storage tank without modifying the
construction. Two experimental huts were designed with controls to evaluate energy
savings and load shifting potential. An A/C unit, a solar heater, and an electric heater
provided necessary heating and cooling for the base case in both huts. The PCMs in
wallboards were installed in walls, floor, ceiling, and attic for passive heating through solar
or free night cooling. For the active system, the PCM storage unit was installed, and PCMs
were charged by circulating indoor return air through the storage unit during off-peak
hours. The active system was more feasible for heating application during winters,
consuming 22% less energy than the passive system and reducing 32% electricity cost due
to load shifting. The authors argued that the passive storage can have environmental
problems because detaching the PCMs from the building construction material at the end
of the building’s life is difficult.

In summary, the literature confirms that significant heating and cooling costs can be
saved, and grid flexibility can be achieved by using an active HP-TES system. The
flexibility to install PCMs in active storage and control the operation provides greater

energy and demand savings and cost benefits as compared with passive HP-TES.

44



Heating — Charging PCM

» Building
Heat
pump

‘ TES

Heating — Discharging PCM

' Building

TES

Heat
pump

Cooling — Charging PCM

Heat
pump

r Building
| -

TES

Cooling — Discharging PCM

Building

Heat

pump
A i

Figure 6: Indirect PCM-integrated HVAC configuration
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Table 7:

Active PCM configurations with cooling only

Study parameters

Study outcomes

Source | PCM type & | PCM Climate |Notes |Charging Energy Demand |Cost
phase location | & study method savings impact savings
change approach
temperature

[136] | Microcapsula | In Simulatio |Peak |PCM 9.4% load | Not Not
te (25°C) ceiling |n, Tokyo,|shavin |charged reduction | reported reported

board |Japan g overnight
coupled using AHU
with the

AHU

[137] |Paraffin and|In walls|Simulatio | Deman |PCM Daily 17%-20% | 11% cost
polyethene |to n, Hong|d- precooled electricity | peak savings
(23°C) enhance | Kong, and | based |during off-|consumpti |demand

envelop |Beijing, |pricing | peak hours |on reduced | reduction
e of air- | China using A/C|by 10%

conditio system

ned

PCM

building

[140] |RT20 In return | Experime | TOU | Supply air | Cooling 3 h load|9.1%
paraffin air duct | nt, tariff | from load shifted to|cost
(20°C) coupled | Thailand evaporator | decreased |off-peak |savings,

with the used to | by 3.09 | hours 4.15 yea
evaporat solidify kWh/day, r
or PCMs 9% energy payback
during off- | savings
peak period

[44] RT27 (27°C), | In Simulatio |Peak |PCMs 7%-9% Not Not
S27 (27°C), |storage |n, Tehran, |coolin |solidified energy reported reported
S25(25°C) [tank Iran g load |using air | savings

coupled shiftin | conditioner
with the g during  off-
vapor peak hours
type

compres

sor of a

HP
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Table 7 Continued

[144] |Commercial |In  HX|Simulatio |Utility |Energy Not Not 7.8 year
salt hydrates | coupled |n, Jordan |tariff |stored when |reported reported payback
(14°C-26°C) | with of there is no

indirect Jordan | cooling
evaporat demand
ive
cooling
[3] Ice/water In HX|Simulatio | TOU | Subcooler 13% less|12.7% 19%
coupled |n, utility |used to melt | power peak load | electricit
to VCS|Knoxville, |tariff |ice consumed | shifted* y  cost
of HP | Tennessee | for savings
. United | coolin
States g load
shiftin
g

[149] |35% paraffin|Under |Simulatio | Analys | PCMs Not Ventilation | Not
GR25 floorboa | n, various |is for | solidified reported load reported
composite rd in the | climate eight |during night reduced by

supply |zones in|cities |using the 62.8%
A/C Japan in cool air from
system Japan |the AHU

to supplied

reduce |through the

ventila |[PCM  bed

tion rather  than

load vents

[150] |Paraffin In Experime | Night | Cool air | Not 89% 10 year

(20°C) supply | nt, load circulated reported cooling payback
air duct | Sapporo, |shift |through the load
of the|Japan duct to shifted
underflo charge
or PCMs at
ventilati night
on
system
[151] | lce/water In  ice|Simulatio |DR Chiller Energy 39% 35%
storage |n, offices|assess |makes the |consumpti |maximum |annual
coupled |in various|ment |ice during|on slightly | peak cost
with the | US tool off-peak increased | energy savings
chiller | climate and hours for off- | savings
zones peak peak hours
load
shifted
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Table 7 Continued

[152] | lce/water In Simulatio | Deman | Energy from | Energy Not 3.4 year
storage |n, Ahwaz, |d the consumpti | reported payback
tank Iran analysi |evaporator |on reduced
used as S not|used to make | by 9%
an conduc |ice  during
evaporat ted off-peak
or hours

[42] Ice and salt|In HX|Simulatio | Off- Chiller 13% Peak Not

hydrate coupled |n, peak | provides cooling electricity | reported
(0°C), S4 |with  a|Adelaide, |coolin |cooling to|energy consumpti
(4°C), S10|chiller |Australia |g PCM during | savings on reduced
(10°C) off-peak by 36.6%
hours
[153] |RT20 (20°C), |In fresh|Simulatio |Night |Chiller used|7%—-41% | Not Not
RT25 (25°C), | air- n, various|precoo |to store cold |energy reported reported
RT27 (27°C) | cooling |climates |ling energy savings
system during
with a nonworking
chiller hours
and coil
[40] Salt hydrate | In Simulatio | Deman | Return  air | Energy Half- 7%-14%
PCM 18T | storage |n and |d tariff | from room | consumpti | hourly with
(18°C) tank experimen | and passes on reduced | peak usage
coupled |t, usage |through by  7%-|demand tariff,
with an | Australia PCMs before | 14% reduced by | 13%—
ASHP entering the 10%-32% |14%
evaporator; with
COP demand
increased tariff;
10 —year
payback

[41] RT11HC In Simulatio | Deman | HP cools | Electricity |9.07%— Not

organic PCM | storage |n, Fuzhou, |d tariff |water  and | consumpti |11.28% reported
(10°C-12°C) |tanks China directs it to|on reduced | peak

coupled storage tank |by 1.17%-|demand

with to solidify | 2.47% charges

HPs and PCM reduced

water

pumps
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Table 7 Continued

[39] Slurry ice Embedd | Simulatio | Variou | Refrigerant | Cooling 10%-70% |(Up to
ed inthe | n, various|s from energy energy $3,000
condens | US buildin | compressor |savings of | savings cash
er of a|climate g used to|7%-11% |during savings
personal | zones types, |solidify for  new/|peak hours |dependin
AIC old PCMs in air- | office with g on
device (pre- |to- buildings, |adjusted location

1980) |refrigerant |6%-15% |thermostat
and HX for  new | settings
new apartments

(post-

2004)

[154] |lce In Simulatio | TOU |PCMs used|14.5% Peak 20% cost
storage |n, tariff | as electricity |energy savings
tank as a | California | (1 wee |evaporator |consumpti |consumpti | per week
condens |, United |k for charging; | on reduced | on reduced
er or | States analysi | COP by 87.5%
evaporat S) improved
or

[38] PureTemp In Experime | TOU |Cold supply|Slightly Peak 9.6%—

(15°C) supply |nt, El|tariff |air solidifies | more energy 14.5%
air duct | Paso, PCM during | energy consumpti | cost
of an|Tempe, off-peak consumed | on reduced | savings,
AIC and hours for by 20%-|4.3-year
system | Houston, charging | 25% payback
United
States

*Calculated from the data available in paper
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Table 8: Active PCM configurations with heating only

Study parameters

Study outcomes

Source | PCM type & | PCM Climate |Notes |Charging |Energy Demand |Cost
phase location | & study method savings impact savings
change approach
temperature

[46] Composite In Simulatio | Spanish |{PCM floor | No 1 h load|17.9%
PCM (27°C) |radiant |n, legislati | system significant | shifted per | cost

floor Cordoba, |on for|stores heat|energy day savings
system | Spain peak from  HP | savings

coupled utility  |during using

with an pricing | night PCMs

HP (0.76%)

[155] |CaCl,.6H.O |Coupled |Experime |Buildin |Hot water|12,056 kW | Not Not

(28°C) with nt, g heat|from solar|energy reported | reported
solar- Trabzon, |load and |collectors |saved each
assisted | Turkey HP COP | used to | season
HP calculat | melt PCMs
ed
[47] Composite Integrate | Simulatio | Peak Ground Not 6 h load | Not
PCM d with an|n, United | clipping | source heat | reported shift reported
HP via a|Kingdom |, pump used
condense condens [to charge
r storage er PCMs
tank energy |during off-
transfer | peak hours
to PCM

[48] Sodium In Simulatio | Off- HP Heating 3-6 h of|15 —year
acetate storage |n, peak condenser | load peak load | payback
trihydrate tank Stockhol | chargin |used to|increased |shifted period
(58°C) coupled | m, g and |charge with  off-

with  a|Sweden |various |PCMs peak
condense configur | during off- | charging
r and ations | peak hours

electric

heater

[156] |ATS 30| In supply | Simulatio | Three |PCMs 6.7% Not 7%

(28°C-33°C) |air n and | cases charged by | energy reported | utility
system | experimen | with warm air of | consumptio cost
of an HP |t, varying |HP atlower|n reduced savings,
Denmark |heating |rates of | compared 7 —year
set electricity |with  no- payback
points PCM case
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Table 9: Active PCM configurations with both heating and cooling

Study parameters Study outcomes
Source | PCM type & | PCM Climate |Notes |Study Energy |Demand |Cost
phase location | & study approach |savings |impact savings
change approach
temperature
[143] |S10 (10°C),|In  two |Simulatio |Solar Cooling 18.97% Not Not
S27 (27°C) |storage |n, Madrid, | Decathl |energy energy reported | reported
tanks Spain on stored in | savings
(hot and project, |cold tank at
cold) addition | night using
coupled al HVAC
with storage |system;
HVAC tank waste heat
stored in hot
tank at high
ambient
temperature
[45] PureTemp 18|In  HX|Simulatio | Demand | PCMs 67% Not Not
(18°C) hybrid | coupled |n, analysis | charged energy reported | reported
system with the | Copenhag | not during the|savings
return en, conduct | night using
water Denmark |ed forced air
loop of convection
an air- with
water HP ambient
cold air
[157] |RT25HC Air-PCM | Experime | Solar Cooled or|Energy Not Not
(22°C-26°C) |storage |nt, and heated savings of | reported | reported
coupled | Auckland, |electric |indoor air|10.3%—
with A/C | New heaters | passed 40% for
and solar | Zealand through heating,
heater PCM 10%-30%
storage for | for
charging cooling
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Table 9 Continued

[37] RT25HC Air-PCM | Experime |Price- |PCMs 47% daily | Heating | 65% in
(22°C-26°C) |storage |nt, based |stored savings in|and winter,

coupled | Auckland, | control |energy winter, cooling 42% in
with an|New during peak | 23% daily | peak loads | summer
HP and | Zealand hours from | savings in | shifted
solar an HP | summer
heater and/or solar

(heating) or

ambient

(night

cooling)
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Figure 7: Active storage locations in the building and HP components
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Active HP-TES is more financially viable in regions that have higher electricity prices

during peak hours and where cooling systems dominate the demand.

Comparative Research Trends

This section presents an overview of results from literature to compare PCM type and
temperature, TES applications, HP-TES configuration, and climate zone for different
studies. A historical trend and bibliographic analysis are presented for PCMs and

configurations of HP-TES in various climate zones.

HP-TES Research

Figure 8 shows a historical trend of research conducted on ice or PCM based HP-TES

in the past 30 years. The technology has garnered more attention since the past decade.

HP-TES can be installed in the building envelope, air distribution loops, or VCS itself.
For active HP-TES installed in the building envelope, an HX is used and coupled with an
AHU [136]. Inthe VCS, the TES is directly installed in the condenser, evaporator, or both,
or the TES is coupled via a standalone storage tank [42], [158]. Besides the building
envelope for passive TES systems, air distribution has been the most used configuration in
active TES in which PCMs are installed in the supply or return air ducts or the water loop
[141], [38].

PCMs for HP-TES

Figure 9 compares the different PCMs used in simulation and experimental studies.
Paraffins are the most commonly investigated PCMs by far. Salt hydrates are gaining more
attention recently because they are inexpensive, are easily available, and offer wide range
of temperatures. A detailed analysis of PCMs for HP-TES is provided in another review
[20].
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Figure 9: Historical trend of PCMs used for HP-TES.
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The research conducted on HP-TES is mostly based on simulations, and very few
works present an experimental analysis of both heating and cooling systems. Figure 7

shows an increase in experimental systems during the past decade.

Most active TES experimental systems are integrated via an air distribution system
with the PCMs in the supply or return air duct [37], [38], [141], [156], [157].

Climate Zones and TES Application

Figure 10 shows PCM phase change temperatures for space heating and cooling via
active and passive TES in various climate zones. Humid continental and oceanic climates
are suitable for all kinds of systems, especially active heating, but only active cooling has
been investigated for humid subtropical climates. A hot arid climate is suitable for both
active and passive cooling, but hot subtropical climates have only been investigated for
passive cooling.

HP-TES performance measured by reported cost savings, electricity consumption, and
peak load reduction greatly depends on the climate and the TES type. Passive heating TES
systems in oceanic and dry climates demonstrated more than 40% energy and cost savings
with phase change temperatures close to room temperatures (between 20°C and 29°C) and
an organic PCM embedded in the building’s interior envelope [126], [127], [131], [134].
Active TES is mostly investigated for cooling in humid climates in which PCMs are mostly
installed in an air distribution system [41], [45], [137], [149], [150], [156].

Impact Analysis

This section presents an impact analysis of HP-TES performance with various
configurations and controls. It first provides a technoeconomic analysis of active HP-TES
configurations, comparing energy savings, utility cost savings, and demand reduction.
Then a comparative analysis of active and passive HP-TES is provided by focusing on the

load-shifting potential and payback period.
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Figure 10: Phase change temperatures in various climate zones.
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Finally, the comparison is performed for cases with and without TES to provide an overall

performance analysis on cost savings and load shifting.

Comparison of Active HP-TES Configurations

This section focuses on active HP-TES configurations and their impact on utility cost
savings, energy savings, and peak electric demand. These performance metrics are
discussed further, in which plumbing configurations, refrigerant integration, and hydronic
HX are evaluated. Energy savings are calculated from power consumption and HP heating
and cooling loads. Utility cost is calculated from daily or annual energy consumption for
space heating or cooling. Demand is the instantaneous power during peak hours. These
metrics were compared against the TES type, utility tariff, study approach, TES integration,

and charging method.

Utility Cost Savings

Figure 11 shows no clear trend or correlation when phase change temperature is
plotted against cost savings for active HP-TES configurations. The results demonstrate that
savings depend on the climate location, type and size of TES, TES location within the HP,
and the utility tariff.

Ice storage is implemented where strong economic incentives exist and the difference
between the utility tariff for peak and off-peak hours is large. Dong et al. [125] and Sultan
et al. [154] reported similar cost savings of about 20% using ice storage for residential
buildings. Both used an indirect configuration in which TES was used as a heat sink or heat
source, and space cooling was provided through an HP directly without TES exchanging
heat directly with the building. Sehar et al. [151] reported cost savings of 35% using ice
storage coupled with a chiller for commercial office buildings in the United States. The
simulation-based study used EnergyPlus, and a demand tariff was used to shift the peak

load.
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Figure 11: Active HP-TES and utility cost savings in literature.

35

59



All other HP-TES systems that have been studied are residential systems coupled with
an HP via a return or supply air duct. Cost savings are 10%-15% for a phase change

temperature range within 5°C-10°C of room temperature.

Most of the investigated active TES systems that reported cost savings were for
cooling only. Hlanze et al. [38] investigated different US climates and reported 12.3% cost
savings for El Paso, Texas, and 9.6% for Miami, Florida. Mazo et al. [46] and Hu et al.
[156] used heating-only systems and were the only two studies that used a salt hydrate
PCM.

Maximum savings were reported by Gholamibozanjani et al. [37] for a hybrid system
designed for office buildings in Auckland, New Zealand. Both heating and cooling systems
were experimentally investigated, and price-based controls were used for peak load
shifting. A solar heater was coupled with an active PCM storage unit for charging, TES
was used to provide heating, and a split A/C unit was used to cool the PCMs installed in
the supply air loop. In total, 65% cost savings were achieved during winter and 42% during

summer.

Energy Savings

Figure 12 shows the percent energy savings and phase change temperatures for HP-
TES configurations. No correlation was found between savings and phase change
temperature, but besides depending on TES type, configuration, and size, energy savings
highly depend on climate and on space heating or cooling application. Most systems
reported low energy savings compared with cost and demand savings because energy
consumption is not a function of the utility tariff or demand charges. PCMs can sometimes

use more energy during off-peak hours.

Maximum savings were reported by Maccarini et al. [45] for a multizone hybrid
system in a large office building in Copenhagen, Denmark. District heating and cooling
through a thermal plant was considered the baseline compared against three systems: an
air-to-water HP, an HP with a dry cooler, and an HP with a PCM HX.
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Figure 12: Active HP-TES and energy savings in literature.
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PCMs were installed in a return water loop and charged during the night using forced air

convection with ambient cold air. In total, 67% energy savings were reported using PCMs.

Gholamibozanjani et al. [157] and Gholamibozanjani et al. [37] performed
experiments for a commercial building in Auckland, New Zealand, using a paraffin PCM
with a phase change temperature between 22°C and 26°C for both heating and cooling. It
was a hybrid system with PCMs in a return air loop coupled with a solar heater in the
heating mode and a split A/C unit in the cooling mode. The authors reported 23%-30%

energy savings during summer and 40%—47% during winter.

Mazo et al. [46] reported minimal savings for a radiant floor heating system in Spain.
PCMs stored heat at night from the HP. Although they reduced cost using a utility tariff
and shifted 1 h of peak load, only 0.76% energy savings were reported.

Other PCMs (shown in Figure 10) with a phase change temperature of 18°C—26°C had

energy savings of 10%-30% and were integrated via an air distribution configuration.

Ice storage systems had energy savings of 7%-15% and were coupled with a vapor
compression cycle [39], [154]. Ling et al. [39] investigated office and mid-rise apartment
buildings and reported 7% energy savings for Chicago and 11% for San Francisco. Sultan
et al. [154] reported 14.5% savings for residential ice storage in California. The savings

were driven by diurnal temperature change.

Demand Impact

Figure 13 shows the demand impact of various active HP-TES configurations.
Demand impact is the percentage of heating or cooling demand reduced or percentage of
peak load shifted.

Most studies of the active HP-TES systems that reported demand impact investigated
a cooling system, which shows that cooling demand dominates in centrally air-conditioned
residential homes. Other factors that influence the demand impact are system size and

configuration, demand charges and utility tariff, and climate conditions.
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Ice storage was beneficial for commercial systems and savings depending on climate,
tariff, and configuration. Sehar et al. [151] investigated a commercial ice storage system
coupled with a chiller. The chiller made ice during off-peak hours for cooling. In total, 39%
peak energy was saved for Seattle, Washington, and 27% for Las Vegas, Nevada. Ling et
al. [39] experimentally investigated slurry ice in the condenser of a personal conditioning
device for office buildings and mid-rise apartments. They reported 10%—70% peak savings

depending on climate zone and building type.

All ice systems were integrated with a vapor compression cycle. In total, 87% of peak
cooling load shifting was reported for a residential ice storage system using a TOU tariff
in Fresno, California [154]. TES was used as an evaporator and condenser in charging and

discharging modes, respectively.

For systems with PCM phase change temperatures between 12°C and 25°C, air
distribution was a common configuration with PCMs in the supply or return air duct.
Hlanze et al. [38] investigated organic PCMs in a supply air duct for different climate zones
in the United States. In total, a 20% peak energy savings were reported for El Paso, Texas,
and 25% for Miami, Florida.

Only a few studies were experimental. Bruno et al. [42] experimentally investigated
an evaporative cooling system coupled with a chiller with salt hydrate PCMs. PCMs were
cooled using a chiller during off-peak hours, and peak electricity consumption was reduced
by 36.6%. Nagano et al. [150] reported 89% of cooling load shift for an experimental setup
in Japan. Paraffin was installed in a supply air duct of an underfloor ventilation system for

night cooling.

Comparison of Active and Passive HP-TES

This section provides a comparative analysis of the payback period and peak load

shifting of active and passive HP-TES in literature.
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Load Shifting

Figure 14 shows hours of peak load shifted for active and passive HP-TES. No clear
trend or correlation was found between TES and load shifting, but active HP-TES systems
demonstrated the highest load shifting.

Barzin et al. [126], [131] reported 3-5 h of peak load shift. PCMs were installed in a
wallboard and were passively charged using solar heat gains in Auckland, New Zealand.

However, indoor comfort was often compromised by overheating.

Muruganantham et al. [128] and Mazo et al. [46] reported the lowest peak load shift
of 1 h. Muruganantham et al. investigated passive PCM-TES in an interior envelope of the
building; the PCMs melted or solidified based on ambient temperature. Mazo et al. studied
active storage with PCMs installed in the floor heating system. They applied Spanish peak
utility pricing and used an HP for off-peak night charging. Furthermore, 1 h of peak load
was shifted per day.

Sultan et al. [154] and Xu et al. [48] reported the highest load shift of 6 h. Both actively
coupled PCMs with a VVCS. Sultan et al. investigated cooling only using ice storage, and
an evaporator was used to charge the PCMs. The authors used thermostat controls for load
shifting and implemented a TOU utility tariff. Xu et al. investigated a heating-only system
coupled with an electric heater, and a condenser was used to charge a sodium acetate

trihydrate PCM with a 58°C phase change temperature.

Payback Period

Figure 15 shows that passive HP-TES has a payback period of more than 15 years,
whereas active HP-TES has a payback period of less than 10 years, except for as reported
by Xu et al. [48].

The trends of energy savings of passive TES were not significantly different from
active TES, but because of installation complexities, the investment and installation cost

was much higher than that of the active TES.
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Furthermore, cost and demand reduction were not as prominent as in active HP-TES

because of no control of passive HP-TES over TES equipment and operation.

Ascione et al. [129] reported the longest payback period of 30 years for passive HP-
TES. PCMs were installed in interior walls of a public educational building that was
refurbished to reduce cooling demand in a hot Mediterranean climate. The investment
costs, maintenance and operating costs, and disposal costs were considered to calculate the
payback period. The authors suggested additional measures such as using inexpensive
PCMs and applying discount rates that could shorten the payback period to 12 years.

Abu-Hamdeh et al. [132] reported the shortest payback period of 18.6 years for passive
HP-TES. They also installed PCMs in the interior wall for space heating to reduce AHU
energy usage. In an arid climate such as Jeddah, Saudi Arabia, passive TES can take
advantage of ambient temperatures for heating, which reduces heat demand; hence, the

payback period is shorter.

Xu et al. [48] reported the longest payback period of 15 years for active HP-TES.
PCMs were installed in a storage tank coupled with a condenser for charging. The heating
load was increased with off-peak charging.

Sanaye et al. [152] had the shortest payback period of 3.4 years for active HP-TES.
Ice-based TES in a storage tank was used as an evaporator and made ice during off-peak

hours.

All other active HP-TES works shown in Figure 13 had PCMs installed in the supply
or return air ducts and reported a payback period between 4 and 10 years [38], [40], [127],
[140], [144], [150], [156]. Most of these are cooling-only systems, except for a heating and
cooling system reported by Hu et al. [156], which had a payback period of 7 years.

Performance Analysis with and without TES

A statistical (box-and-whisker) analysis was performed on the groups of data sets for

active TES, passive TES, and no TES systems where at least two of the outcomes are
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reported out of energy savings, demand impact, and cost savings (Figure 16). The skewness
of the mean results does not indicate that the studies were erroneous but were identified to
allow an improved discussion of the mean. Furthermore, the results with the highest
performance should be examined in great detail for replication. Studies that fall
significantly below the mean should be noted to determine methods of improvement.
Identifying the success factors or discussing the improvements is outside the scope of this

study.

As shown in Figure 16(A), few studies were conducted at high temperatures, and the
active TES mean is about 10°C below the passive TES mean—both means are high because
of the heating studies. Most studies examined PCMs with phase change temperatures closer
to the room or ambient temperature; however, active TES have more acceptable
temperature range. The demand impact (Figure 16(B)) shows a good distribution around
the mean for active TES. Because the median was used in determining the quartiles and
the outliers included in the mean, the mean can lie outside the middle quartiles, which is
the case for active TES in Figure 16(C). This suggests one study was very successful
compared with the others in active TES [45]. The cost savings results (Figure 16(D)) have
the most outliers. The passive TES cost savings are notably skewed high and low, whereas

the active TES mean is skewed high only.

Passive TES tends to be closer to ambient conditions, whereas active TES can use

temperatures above and below ambient conditions.

Demand impact can be reduced by control schemes without using TES, but TES
provides additional energy and cost saving benefits. Passive systems tend to have a lower

demand impact (about 20%), whereas active systems have a higher average impact of 40%.

Passive and active TES generally save energy at similar percentages, although passive
systems have a slightly higher average of 22% than active systems, which have an average
of 15%.
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The utility cost savings in all three building types can be significant (e.g., >10%).
Passive systems have the highest average (>35%), and active systems have an average of
about 15%.

Discussion and Future Work

This study compares various configurations of active and passive HP-TES for space
heating and cooling applications. We included PCM and ice storage as TES integrated with
HP. There are some works that investigate commercial buildings, but HP-TES systems
were mostly studied for residential buildings. The reviewed studies reported energy
savings, cost savings, peak load shifted, demand reduction, and payback period. The
reported outcomes were compared against the PCMs used; the temperature, configuration,
and TES location within the building envelope; and the HP components, type of TES, and
application. DR potential was assessed and compared with and without TES, and peak

demand shifting using dynamic price-based controls was examined.

DR strategies and HP controls can provide some cost and demand reduction, but with
TES having the capability to decouple the energy generation from its demand and usage,
energy can be stored during off-peak hours for later use during peak hours.

HP-TES allows for the use of established technology and resources with minimal
equipment, which can reduce the installation complexity and cost. HPs can provide heating
and cooling at different times of day or year, and their weather-dependent performance can
be exploited by TES and controls. Passive HP-TES systems can offset the peak demand by
shifting loads, but they cannot control the charging or discharging operation to optimize
grid benefits. Active HP-TES can be packaged into various configurations that require
small modifications and offer maximum benefits to the consumer and the grid while

minimizing the TES footprint.

System performance of HP-TES was reviewed to compare energy savings, demand
impact, and payback period against different configurations, TES types, and heating and

cooling applications for various climate zones. For passive TES, heating energy and utility
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cost savings can benefit from passive solar gains and diurnal temperature swing in some
climates. However, additional controls and equipment are required to achieve cooling
energy savings, and these controls and equipment can be costly. Indoor comfort can also
be compromised by the lack of control in passive TES. Active HP-TES equipment is
programable with a thermostat for DR and offers installation flexibility and better TES
control, providing greater demand savings and cost benefits. Active HP-TES is more

financially viable in hot climates with higher demand or utility tariffs.

Besides being influenced by the utility tariff and climate, system performance is
influenced by TES type, size, and configuration. Active HP-TES can be installed in the
building envelope, air distribution loops, or VCS itself. Most active TES systems are
integrated via an air distribution system with PCMs in the supply or return air duct.
Paraffins and salt hydrates were commonly used materials with phase change temperatures
ranging between 15°C and 30°C.

Passive TES systems tend to use temperatures closer to ambient temperatures, whereas
active TES systems can use temperatures above and below ambient. Demand impact can
be reduced by control schemes without using TES, but TES provides additional energy and
cost saving benefits. Passive systems tend to have a lower demand impact (about 30%)
compared with active systems, which have a higher average demand impact of 40%. Both
passive and active systems generally save money and energy at similar percentages,
although passive systems have a slightly higher average than active systems. However, the
payback period for active systems is much shorter than that of passive systems, which
indicates that passive systems require significant initial investments. On average, active
systems have payback periods of less than 10 years, whereas passive systems have payback
periods of more than 25 years.

TES can sometimes use more energy during off-peak hours. Most systems reported
low energy savings compared with their cost and demand savings because energy

consumption is not a function of the utility tariff or demand charges. Many advances in
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materials have occurred, but more research is needed on the system side to improve the

energy storage performance and enhance the charge—discharge cycle efficiency of TES.

Very few studies have examined HP-TES overall, and there are even fewer
experimental studies. TES can be coupled with an HP in many configurations that have not

yet been explored. There is much to uncover in integrating TES experimentally with HP.

Although the historical trend indicates an increased interest in the technology during
the past decade, all the HP-TES systems in literature highly differ from each other. No
standards exist, and it is hard to compare these systems. More comprehensive and
comparative simulation work is needed to compare different PCMs for HP-TES and

compare optimum storage and configurations for different climates.
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CONCLUSIONS

Buildings can alleviate peak demand challenges by shifting peak load to off-peak
periods via TES. This chapter provided a review of HP-TES with various configurations
and control strategies. The study compared HP controls without TES for DR, passive HP-
TES (in the building envelope), and active HP-TES (in HP components). DR can lower
some costs but cannot provide energy savings without TES. Passive TES provides up to
60% energy savings but cannot optimize grid benefits because of their lack of control over
TES operation. Active HP-TES improved energy storage and provided up to 80% demand
reduction through real-time charging and discharging. The utility cost savings for active
HP-TES depend on the type and size of TES, TES location within an HP, and utility tariff,
and energy savings highly depend on the climate and TES application. The financial
viability of active HP-TES is higher in cooling-dominated climates with higher peak
electricity prices. These conclusions are largely based on simulation studies, and only
studies that provided some technoeconomic analysis were reviewed. Few experimental
HP-TES systems are presented in literature, but the historical trend demonstrates an

increasing interest in this technology over the past decade.
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CHAPTER Il
PHASE CHANGE MATERIAL FOR HEAT PUMP INTEGRATED
WITH TES
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Abstract

PCMs can be used for space heating and cooling applications in residential buildings
by integrating into the HP equipment or building envelope via several possible
configurations. The HP integrated active PCM storage can provide significant energy
savings and reduce peak demand, but the benefits vary substantially depending on the
system configuration, storage capacity, and the temperature range of the PCM used. Low
temperature salt hydrate PCMs with melting point closer to the room temperature have
garnered interest for near ambient TES systems because of their high storage density.
However, the PCMs in this range often have low thermal conductivity that impacts the
storage capacity. As such, modifications are needed to enhance the stability and thermal
properties of PCM. It is critical to provide a review of the materials and their suitability in
HP integrated PCM systems. This chapter will present an analysis of the PCM material
selection for heat pump integrated TES in various configurations. The comprehensive
review will compare PCMs with different melting temperatures, and configurations,
corresponding to the energy savings and demand impact reported in the literature. This
work is significant to guide the design of high-performance heat pump integrated PCM

systems.
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Research Question

What is the optimum PCM temperature and heat pump configuration for maximum

economic and grid benefits of heat pump integrated TES?

Background

Building’s energy consumption and peak demand is often attributed to air conditioning
applications. More than half of the energy consumed in the residential buildings is used for
air conditioning and space heating. According to the DOE report, 54% of the site energy
consumption is accounted for space heating and cooling combined, driving major portion
of the residential energy demand [49], [52]. The residential buildings can play a major role
to reduce energy demand and increase the building flexibility while maintaining the
temperature in a comfortable range, by designing a load shifting strategy [54]-[57]. The
major electric load from the residential buildings comprises 80% of the total electricity use
in the U.S., and 78% of the peak period use during 2-8 PM [53].

About 80% of American homes are detached single-family houses of an average area
of about 2600 ft2, with an average occupancy of 2.5 [1]. Furthermore, 90% of homes in the
U.S. use air conditioning as of 2019, and 75% of those air-conditioned homes use central
units. In 2019, the average annual electricity consumption for a U.S. residential utility
customer was about 877 kWh per month. The consumers end up paying additional peak

demand charges due to stress on the utility grid.

Though, the energy consumption and demand in the U.S. declined by 14% in response
to the COVID-19 pandemic, however, the residential buildings energy consumption rose
by 8% due to the increased residential demand shift as a result of working from home [159].
Power generation grids around the world are undergoing major changes to cope with the
increasing energy demand and maintain physical and economic stability in response to the
growing need for renewable energy generation [92]. The technological advances and
flexibility in the design and operation of HVAC systems can allow them to help the grid

overcome these new load patterns challenges if properly managed.

76



Typically, in US residential buildings, there is no mechanical outdoor air exchange, or
cross ventilation using natural resources, therefore, heat pumps are important to regulate
the humidity inside the house as well as the indoor temperature. It is often cost-prohibitive
to rebuild houses or update the conventional methods, but the heat pump systems can be
made smart to respond to the peak demand changes. Today’s high-efficiency HVAC and
appliance products can provide energy savings, but do not generally help with demand

management and grid stress [23].

Thermal energy storage (TES), which has capability to decouple the energy generation
from its demand and usage, can be a crucial tool to shift the thermal loads. TES systems
can be easily incorporated in small to large single-family or multi-family residential
buildings. They are designed to trim the building’s electrical demand profile by reducing
the energy usage and high demand costs arising from summer cooling and winter heating
needs [98]. When properly controlled, thermal storage can be useful in an economic or
behavioral curtailment scenario for demand response. Major factors influencing an
appropriate TES system's choice include the energy storage period and duration, cost and
economic feasibility, and operational conditions. The building's thermal load is also

dependent on the weather conditions and the thermal quality of the building envelope.

Phase Change Materials (PCMs) are widely used commercial thermal storage
materials that could be used for space heating and cooling applications in various
configurations. PCM-TES can store and release energy through charging and discharging
process, respectively. By utilizing TES to store the energy for later use during peak hours,
demand management systems can be designed to take advantage of lower utility rates

during off-peak hours.

Researchers have used various configurations to employ the economic and grid
benefits of PCM-TES for heating and cooling applications in buildings. The most common
configurations are to install the material in building envelope via passive storage where the
charging and discharging process is the function of ambient temperature, hence the grid

benefits can’t be maximized. Active storage configurations allow real-time control of TES
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and are proven to be more effective than passive configurations. Active TES systems
mechanically transfer the heat and hence can control when to charge or discharge the TES.
This allows the TES systems to achieve grid flexibility, making them more suitable for
load shifting and demand management. Another benefit of active configuration is the
flexibility to be installed in an existing building infrastructure without needing a significant

construction. The TES may be separate and removed from the space.

PCM-TES can behave as a standalone isothermal heat exchanger when integrated with
heat pump (HP), and can offer advantages by shifting the peak demand while maintaining
an adequate internal temperature in comfort range, without excessively using heat pump
equipment. HP-TES in an active configuration, can enhance these benefits with a better

performance if heat transfer is controlled by the heat pump [3].

The key to using TES to provide economic and grid benefits is the development of
materials and packaging in optimized configuration and temperature range. Low
temperature salt hydrate PCMs with melting point closer to the room temperature have
garnered interest for near ambient TES systems because of their high storage density.
However, the PCMs in this range often have low thermal conductivity that impacts the
storage capacity. As such, modifications are needed to enhance the stability and thermal
properties of PCM. Researchers have used single material in passive configurations for
both high and low temperature applications but for active configuration, the materials with
different melting temperature are selected for each application. Melting temperature for

cooling applications is below 10°C, while for heating is above 40°C.

The benefits also vary largely due to other factors such as PCM material and
temperature, configuration, and climate zone. Figure 17 below shows the demand impact
and load shifting benefits reported in literature for Heat pump coupled passive and active
TES. Active TES dominate mostly because the high level of control, allows designing and

incorporating effective load shifting strategy.
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The focus of this chapter is to review PCM used in active HP-TES. Literature review
is conducted to evaluate the properties of PCM used in active HP-TES, as well as to

compare the different configurations.

Next section will discuss the salt hydrate PCMs, focusing on melting temperature and
storage capacity. It is further explained how PCMs are integrated in heat pump via different
configurations. The demand impact is also reported and compared against the PCM types,

heat pump configurations, and TES application.

PCM for HP-TES

PCMs perform solid-liquid phase changes at temperatures in the operational range of
the designated thermal application. When a phase transformation from a solid to a liquid
occurs, the energy is absorbed by the phase transitioning material from the surroundings,
though maintaining almost the same temperature [102]. There are generally three
classifications of PCMs; organic PCMs, inorganic PCMs, and eutectics. Organic PCMs are
attributed to low heat conductivities and are flammable, while inorganic PCMs are
relatively inexpensive, easily synthesized, nonflammable and possess high thermal
conductivity and high storage capacity [103].

Any energy storage system should at least possess the following components:
e A PCM with the desired temperature range
e A compatible heat exchanger

This section reviews important factors and parameters for PCM selection to be
integrated in heat pump components or coupled to the vapor compression system. The salt

hydrate PCMs integrated with HP for space heating or cooling applications are reviewed.

PCM Selection

PCM temperature and storage capacity are considerably important to design the TES

that can meet the buildings’ load and provide necessary comfort. Various approaches can
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be found in literature to choose the melting point of PCMs to maximize their performance
for space conditioning in buildings. Free cooling for continental climates was studied by
Medved and Arkar [121], and they found the PCM with a melting point equal to the average
temperature of hottest month, most appropriate choice. The melting temperature range 20
and 22 °C was found suitable for passive cooling. Wagas and Kumar [160] demonstrated
an optimum PCM storage unit performance by selecting a PCM with the melting point

equal to the comfort temperature of hottest month for free cooling.

The PCM temperature optimization studies [161]-[170] have commonly utilized
passive cooling with organic PCMs. Paraffins are the frequently investigated materials with
20-30 °C melting temperature range. Furthermore, for a given TES, different PCM melting
temperatures have been studied for both heating and cooling applications.

Table 10 below reviews salt hydrate PCMs integrated with different types of HPs via

HX for space heating and cooling.

Most of the active TES studies reported in literature, as shown in the table above, have
selected a melting temperature closer to the typical room temperature. A few of these works
have investigated more than one type of PCM and have reported that the salt hydrate PCMs
performed better than the organic PCMs in terms of storage capacity, and economic

benefits.

Integration in Heat Pump Components

Active PCM-TES can be coupled to heat pump in various configurations. Table 10 in
previous section described different types of heat exchangers and heat pumps. This section
will particularly focus on PCM location within the heat pump and charging operation for
the configuration. Researchers have reported energy and cost savings, and demand impact
benefits for off-peak heating and cooling. Besides the PCM type and melting temperature,
the savings and benefits largely depend on how and when PCM has been charged and

discharged.
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Table 10: PCMs for HP-TES

Author | PCM material | Application Heat Thermo_physwal Performance
Exchanger |Properties
[171] S8, S17, S27 Geothermal Single  U-|S27 showed highest | COP increased
(8 °C, 17 °C, 27 | heat pump for | Tube ground | savings and had|from 3.8t0 5.5
°C) heating  and | heat thermal
peak load | exchanger | conductivity of
shifting 0.540 W/m.K
(Xin Jin | Composite Coupled to air [ Shell  and | Latent heat 219.8|Heat pump
et al,|[modified SAT|source heat|tube heat|kJkg (presented|COP increased
2021) | (47.8°C) pump for | exchanger | longer cycling|by 5.1%, 10
heating lifetime) year  payback
period
[173] CaCl,.6H.0 Solar assisted | U-Tube soil [PCM thermal COP increased
(29.9 °C) ground source | exchanger | conductivity 1.09 f
rom 3 to 5.95
heat pump W/m.K
[174] Na,S04.10H,O |Coupled to|Tube heat|PCM thermal | COP  reported
(32°C) floor heating | exchanger | conductivity 1.09 (3.0
system for W/m.K
heating
[155] CaCl,.6H.0 Coupled  to | Fintube heat| PCM thermal | COP increased
(28°C) solar and heat | exchanger |conductivity 1.09|to 4.0
pump for W/m.K
heating
[175] CaCl,.6H.0 Coupled  to|Ground heat | PCM thermal | COP increased
(28°C) ground source | exchanger | conductivity 1.09|to 4.2
heat pump for W/m.K
green  house
heating
[176] Commercial salt | Coupled  to [PCM Thermal COP  reduced
hydrate (48 °C) | heat pump for | enhanced conductivity  0.45 | from 3.0to 2.4
heating buffer tank | W/m.K
[48] Sodium Acetate | Coupled  to|Plate  heat| Thermal COP  reported
Trihydrate SAT |condenser for | exchanger |conductivity 0.57 (4.5
(58°C) heating W/m.K
[177] SP24E, RT27,|[Coupled to|Plate heat| Thermal Salt  hydrate
RT25 ventilation exchanger |conductivity 0.60(PCM had
(24°C-25°C) |system for W/m.K highest storage
cooling capacity
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Table 10 Continued

[178]

FlatICE
PCM
(15°C)

Coupled to chiller
for space cooling
and peak load
shifting

Plate  heat
exchanger

Thermal
conductivity 0.43
W/m.K

Chiller load reduced
by 37%. PCM utilized
15% of its storage
capacity
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Heat Pump Integration

PCM-TES can be installed in building envelope, air distribution loops, or the vapor
compression system itself. For an active PCM-TES to be installed in the building envelope,
a heat exchanger is used and coupled to the air handling unit [136]. In the vapor
compression system, either the PCM is directly installed in the condenser or evaporator or
coupled via a stand-alone storage tank (Bruno et al., 2014; Real et al., 2014). Air
distribution system has been the most commonly used configuration where the PCM is
installed in the supply or return air ducts (Chaiyat, 2015; Hlanze et al., 2021).

Application and Configuration

Active HP-TES systems have been investigated for the demand response and load
shifting potential. The literature reported in Table 11 and 12 show that the cooling
applications are widely explored, and peak cooling demand is shifted to off peak hours

using different control strategies.

A paraffin PCM was installed in a return air duct coupled with evaporator to enhance
the cooling efficiency of air conditioning system (Chaiyat, 2015). The PCM was solidified
during nighttime by the cold air from the heat pump. During the daytime, return air from
the room was passed through the PCM, liquifying it and reducing the cooling load at the
evaporator. The time-of-use TOU tarrif was used and 3-hour load was shifted to off-peak

hours. 9% daily energy and cost savings were reported.

Bruno et al. (Bruno et al., 2014) used ice and two salt hydrates PCMs installed in a
heat exchanger coupled to chillder. The cooling energy is provided through chiller to either
the PCM for solidification, or to the building during off-peak hours. The charging time and
duration was optimized depending on the outside temperature to minimize energy usage

and the PCM with 10°C melting temperature could save 13% energy.

Table 11 and 12 below compare the energy savings and demand impact for Active

TES systems integrated with heat pump via different configurations.
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Table 11: Active HP-TES Configurations with Salt hydrate PCMS

Author |[PCM Application | Configuration |Charging Key Results
material & HP Operation
integration
(Real et |S10 (10 °C) |Both heating | In two storage Cooling energy is | 18.97%
al., 2014) | S27 (27 °C) |and cooling |tanks coupledto |stored in cold tank |energy saved
HVAC at night using
HVAC
[48] Sodium Space In storage tank | Heat pump 6 hours of
Acetate Heating coupled to condenser is used | peak load
Trihydrate condenser & to charge PCM shifted
(SAT) (58 electric heater during off-peak
°C) hours
[40] Salt Hydrate | Space In storage tank | Return air from Peak demand
PCM 18T Cooling coupled to an air | room passes reduced by
(18°C) source heat pump | through PCM 32%
before entering the
evaporator to
increase COP
[44] S27 (27°C) | Space In storage tank | PCM is solidified |7-9% energy
S25 (25°C) | Cooling coupled to vapor | using air- savings
type compressor | conditioner during
of heat pump off-peak hours
(Bruno et | S4, S10 Space In heat Chiller provides Peak electric
al., 2014) | (4, 10 °C) Cooling exchanger cooling to PCM consumption

coupled to chiller

during off-peak
hours

reduced by
36.6%
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Table 12: Active HP-TES Configurations with other PCMS

Author |PCM Application |Configuration | Charging Key Results
material & HP Operation
integration
[179] 35% paraffin | Space In supply air duct | PCM is solidified | Ventilation
GR25 Cooling of a ventilation | during night using | load reduced
composite system the cool air from | by 62.8%
(25°C) AHU
[136] Micro s In ceiling board|PCM is charged |9.4% load
pace . . ; .
capsulate Cooling coupled with [ overnight  using [ reduction
(25°C) AHU AHU
(Chaiyat, | RT20 Space In return air duct | Return air from|[9%  energy
2015) Paraffin Cooling coupled with the | room passes | saved
(20 °C) evaporator through PCM
before entering the
evaporator to
increase COP
[41] RT11HC Space In storage tank |Heat pump directs |11.28% peak
Paraffin Cooling coupled to heat|cold water to|demand
(10-12°C) pump solidify PCM charges
reduced
[38] PureTemp Space In supply air duct | Cold supply air |Peak energy
15T (15 °C) |Cooling of air | solidifies PCM | consumption
conditioning during  off-peak |reduced by
system hours 20-25%
[156] ATS 30 Space In  supply air{PCMischarged by |6.7% energy
(28  °C-33|Heating system of heat | heat pump at lower | consumption
°C) pump utility rates reduced
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PCM melting point and charging operations are reported. Table 11 summarizes the
salt hydrate PCMs while Table 12 reviews other PCMs used for HP-TES.

Results and Discussion

The demand impact reported in the tables 11 and 12 corresponds to peak load shifted,
peak electricity consumption reduced, or heat pump cooling and heating loads reduced.
This section would discuss the PCM melting temperature and heat pump TES configuration
for maximum demand impact. There are still number of factors to be considered such as
the ambient climate conditions, size of TES, and heat transfer coefficient. The scope of this

paper is limited to PCM material, melting temperature, and heat pump configuration.

Melting Temperature

Figure 18 shows the range of PCM temperature corresponding to demand impact for
space heating and cooling. The PCM materials with the melting temperature ranging from
15 to 27 °C showed the most savings and demand benefits. Majority of the HP-TES
systems reported in literature for demand response have investigated a cooling system
which shows that cooling demand dominates in the centrally air-conditioned residential
homes. The PCM melting temperatures reported lie within the narrow range closer to room

temperature except the Sodium Acetate Trihydrate (58 °C) which is used for space heating.

Configuration

PCM-TES has been integrated with heat pump in various different configurations.
Heat exchanger or storage tank containing PCM is coupled to either building envelope or
heat pump components. Heat pump components can be on the air-side or the refrigerant-
side of the heat pump. The refrigerant-side is referred as vapor compression system
components (condenser, evaporator, and compressor), and the air-side corresponds to the
air distribution system (supply air duct and return loop). Figure 19 shows that the air-side
configurations are the ones most commonly investigated and report maximum demand

impact and energy savings.
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CONCLUSIONS

Phase Change Material (PCM) based Thermal energy storage (TES) can provide
economic and environmental benefits for grid-interactive residential buildings. The value
and performance of TES vary greatly depending on the temperature range and storage
capacity of the material, as well as the system configuration and ambient temperature.
Active storage configurations allow real-time control of TES and are proven to be more
effective than passive configurations, however, the active TES studies found in literature

have utilized different materials for both heating and cooling.

This chapter reviewed the PCM materials, melting temperatures, and heat pump
configurations to compare the energy savings and demand benefits of heat-pump integrated
TES. The optimum demand impact and energy savings are reported for salt hydrate PCM
with melting temperature between 15 and 27 °C integrated via air distribution system of

the heat pump.
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CHAPTER Il
CASE STUDY — ECONOMIC IMPLICATIONS OF RESIDENTIAL
BUILDINGS
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Abstract

Thermal energy storage (TES) is an increasingly popular tool to level out the daily
electrical demand and add stability to the electrical grid as more intermittent renewable
energy sources are installed. TES systems can locally decouple high thermal loads from
the operation of a heat pump or reduce the electrical energy demand of the heat pump by
providing a more favorable temperature gradient. In addition, many policy makers and
utility providers have introduced time-of-use (TOU) rate schedules for residential
customers to better reflect the price of electricity generation and demand for specific times.
TOU rate schedules price grid-provided electricity differently throughout the day
depending on the region’s climate, time of year, and electrical production portfolio. Large
differences between on-peak and off-peak electrical prices may create an economic
advantage for a residential customer to install a TES system. In this work, the economic
and energy savings are calculated for a modeled 223 square foot residential building with

water/ice-based TES using a TOU rate structure.

A southern California residential building’s summertime cooling load during a week
of extreme high temperatures is comparatively modeled with and without active TES. The
TES is directly coupled to a vapor compression system and serves as the VCS condensing
unit during peak hours rather than the ambient air. The PCM embedded in the TES for this
analysis is ice/water with a phase change temperature of 0°C, and only interacts with VCS,

not directly with the building. A residential TOU utility rate from a utility provider in
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California, corresponding to the climate zone 3B, is used to assess the potential economic
savings for the customer. The VCS was modeled using Engineering Equation Solver
(EES). The simulation was carried out for cooling only during a week of extreme hot
summer daytime temperature and the results showed that total energy consumption could
be reduced by 14.5% with an 87.5% reduction in on-peak energy usage when the TES is
installed. The cost of operating this system for space cooling was reduced by nearly 20%

using the sample utility rate plan.

Research Question

How can PCM based Thermal Energy Storage be integrated into a heat pump for
carbon mitigation, demand response, and reduced electric consumption of heat pumps in

residential buildings?

Background

As of 2018, buildings in the United States accounted for about 40% of the total U.S.
energy consumption and 75% of the total electricity consumption (U.S. Department of
Energy, 2011; US EIA, 2020). Peak periods, generally, have the largest energy demand on
the grid. Heating, ventilation, and air conditioning (HVAC) loads comprise 50% of
building electricity consumption [53]. HVAC systems and the need for space cooling may
exacerbate electrical demand issues during summer peak times, since as much as 50% of

the grid electricity demand comes from homes mostly used for air conditioning [4].

Time-of-use (TOU), real-time-pricing (RTP), and other time-based utility rate
structures are becoming more available to residential customers. TOU structures price
electricity differently at specific hours during the day depending on the climate, time of
year, the utility provider energy generation portfolio, and historical or predicted demand.
On-peak hours are those where the electrical price is highest per unit energy for all
electricity used from the grid in that time span. In summer months of warm climates, on-
peak hours may be mid- to late-afternoon. In winter months of colder climates, on-peak
hours may be early- to mid-morning. TOU rates vary wildly across the US. TOU rates are
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predetermined and static during the contract period. The TOU analyzed here is an energy
rate prized per kWh of energy used. Some TOU rates are demand based priced per average
kW over short intervals. RTP rates reflect the instantaneous cost of bulk wholesale of
electricity. Typically, prices are not disclosed to the customer more than a few days’ notice
but can be as short at three hours’ notice the day prior. RTP rates are rare for residential
customers due to this uncertainty. However, RTP rates generally do follow an hourly and
monthly trend that may give the customer an economic advantage with proper controls and
forecasting.

Researchers have investigated the impact of time-based utility pricing on residential
electricity use with different load and energy demand control strategies. Findings suggest
that electrical utility costs and peak hour energy demands associated with air conditioning
can be reduced depending on utility rate structure, weather, building occupancy, and

building thermal capacitance [181].

Yoon et al., (2016) demonstrated that depending on the size of house and utility price,
up to 24.7% of HVAC loads can be reduced during peak times via demand response control
and can provide up to 10.8% cost savings while maintaining occupant thermal comfort.
Schibuola et al., (2015) simulated heat pump control based on RTP, with up to 30% of
electricity consumption cost savings. Gottwalt et al., (2011) simulated the cumulative load
profiles using TOU tariffs with smart appliances and concluded that the TOU tariffs could
create new grid-level demand peaks which may not benefit the users economically,
however, this practice may still benefit the utility providers by shifting more energy load

to off-peak hours and effectively smoothing the demand curve.

TES is a popular energy storage solution to alleviate peak energy demand and may
provide economic advantages to its users. TES can be realized by incorporating PCMs into
HX either coupled to the existing HVAC system or interfacing directly with the space to
be conditioned, thus creating a high-performance demand response energy storage system
[3]. TES systems allow conventional air conditioning machinery to operate during off-peak
hours, but leverage the isothermal storage properties of PCM to provide cooling during on-
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peak hours [182]. PCMs may be incorporated as passive or active TES. Passive systems
have no coupling to HVAC systems and do not respond to control schemes, but still may
reduce building energy consumption [70], [75], [183]-[185].

Active TES systems, the focus of this paper, couple the TES to the HVAC system to
respond to pricing and thermal signals. Active systems offer a high level of control of the
TES and can improve energy storage efficiency [103], [118] evaluated residential HVAC
loads’ demand response potential, suggesting that value can be added by using even a small
TES system. Table 13 summarizes studies on the energy and cost savings with PCM-based

TES active storage.

The literature in Table 13 confirm that the cooling energy demand can be significantly
shifted to off-peak times by using PCM-based active TES system integrated with building
equipment such as HVAC [3], [30]. In addition, some studies have concluded that using
PCM-based active TES to offset the peak load is more financially viable in the regions
having higher electricity prices for on-peak hours and where the cooling systems dominate
the demand [30], [186].

The literature survey shows that previous work on demand side management to off-
set peak load using time-based utility pricing is mostly based on a demand response control
without a TES. Some studies investigate an active PCM storage with heat pump, HVAC,
or air conditioning system but most of them have focused on energy savings by shifting
the load from high demand periods to low demand periods without considering the time-
based utility pricing and a direct use of conventional VCS to accomplish heat transfer with
TES.

In this work, a southern California residential building’s summertime cooling load
during a week of extreme high temperatures is comparatively modeled with and without
active TES. The TES is directly coupled to a vapor compression system and serves as the

VCS condensing unit during peak hours rather than the ambient air.
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Table 13: PCM-based active TES for load shifting.

Author Location System Configuration |[Energy savings | Cost savings
Bruno et al., | Adelaide, . . 13% energy
2014 Australia PCM storage with chiller savings Not reported
Various USA | Ice storage coupled with . . 35%  annual
Seharetal., 2012 locations chiller Peak time savings cost savings
1 -Q0
Mosaffa et al., Tehran, Iran PCM slabs coupled with | 7-9% energy | ot reported
2016 vapor type compressor | savings
PCM  coupled with .
Amman, oo .1 80% less cooling | 7-8-year
Jaber et al., 2012 Jordan indirect evaporative | - | payback
cooling system
Beijing, and|PCM layers in air{20% peak load|11% cost
Zhuetal., 2011 Hong Kong | conditioning system reduction reduced
. .| PCM storage tanks with | 18.97%  energy
Real et al., 2014 | Madrid, Spain HVAC saved Not reported
. . |PCM integrated in 9.1% cost
Chaiyat, 2015 ?E;?g %g/la" conventional HVAC Ib_ 0a3d09 S&?msed saved, 4.15 yr
system y 3. payback
Variable (12 . .
PCM integrated in fresh | 7-41% energy
Pop et al., 2018 global air-cooling system saved Not reported
climates)
Hirmiz et al., Heat pump integrated | Load shiftof 6 hr.,
2019 UK PCM COP increased Not reported
. . . Electricity
Knoxuville, PCM integrated with|13% less power
Dong etal., 2019 TN, USA electrical Heat Pump consumed igi}o saved
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The PCM embedded in the TES for this analysis is ice/water with a phase change
temperature of 0°C, and only interacts with VCS, not directly with the building. A
residential TOU utility rate from a utility provider in California, corresponding to the
climate zone 3B, is used to assess the potential economic savings for the customer. The

VCS was modeled using Engineering Equation Solver (EES).

Methodology

The complete modeled system is modular with several models converging including a
simplified building, an R410A vapor compression system (VCS), TES with embedded
PCM and heat exchanger, thermostatic controls, and a TES control strategy. The thermostat
monitors the building indoor temperature and dispatches a call for cooling to the VCS
system. The TES control strategy determines if the cooling is provided from the TES or
by traditional VCS operation coupled to the ambient based on the time of day and utility
electrical rate. The TES control strategy uses this same data to recharge the TES system
using the same VCS, coupling the TES to the ambient when appropriate. The PCM used
in this study is water/ice. The ambient weather data and TOU utility rate structure are from
the same geographic region, ASHRAE climate zone 3B. The system is simulated for one

week with a time step of one minute.

System Overview

A basic vapor compression system (VCS) is coupled to the water/ice-embedded TES.
The TES heat exchanger is assumed to have infinite heat transfer coefficient and is at 0°C
at all times. The PCM heat exchanger can serve as either evaporator or condenser in the

VCS, depending on the mode of operation.

The coefficient of performance (COP) of a VCS is a measure of the desired heat moved
to the electrical energy expended and is written as Equation 1 where Q is the heat removed

for cooling as in refrigeration.

cop, = Zevaw 1)

Wcomp
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Figure 20a shows the baseline system whereby the building is cooled with VCS acting
as a conventional air conditioning system. The building air is cooled by the VCS evaporator
and heat expelled into the ambient at the condenser. The VCS moves heat from the
building to the ambient across a positive temperature gradient. The increasing width of

arrows represent added heat.

The building cooling performance can be improved with PCM-embedded TES, using
negative temperature lift to introduce a more favorable gradient for which the VCS to
operate, as illustrated in the Figure 20b. In this mode, the VCS condenser is coupled to the
colder temperature of the PCM, 0°C in this system. Thus, the VCS has a negative
temperature gradient to move the building thermal load. This allows the VCS to operate
at a much higher performance as compared to the baseline. The TES can only operate when
there exists some frozen PCM inside. Once all the PCM is melted, the TES can no longer

absorb isothermal heat and the baseline VCS operation must be used to cool the building.

System Operating Modes and Controls

There are four operating modes (0,1,2,3, respectively) of the system as shown in

Figure 21.

e Instandby mode (0), the VCS is off the building responds to ambient thermal loads

and solar heat gains.

e In the normal operating mode (1), the building is cooled by conventional VCS
refrigeration with no TES involvement. The condenser heat, Qcong, is the heat being
dumped to the ambient and the evaporator heat, Qevap, is the heat removed from the

building and directed to the heat pump.

e In charging mode (2), the PCM HX operates as the evaporator and the latent heat
of freezing is removed from the PCM. The VCS condenser heat is rejected to the

ambient.
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e In discharging mode (3), the PCM HX is the condenser and the heat, Qcond, IS
absorbed by the PCM through the latent heat of melting. In this mode, the COP is

higher than in normal operation.

The operating mode of VCS-TES system is selected by the controls decision tree
shown in Figure 22. The selection depends on the on-peak/off-peak time, the need to cool
the building, and PCM state of charge (SOC). When the thermostat calls for cooling during
off-peak times, the VCS will enter normal mode operation. Normal mode is conventional
HVAC operation. Charging mode restores the energy stored in the TES by refreezing any
melted PCM and is only activated during off-peak times when the thermostat is not calling
for building cooling to take advantage of the lower electrical cost and, incidentally, usually
lower ambient temperatures. Charging mode can be interrupted by the thermostat if the
building requires cooling and the system will enter normal mode, maintaining building
indoor comfort. During on-peak time, when the thermostat calls for cooling, discharging
mode will activate which cools the building with the TES. During discharging, the PCM
in the TES is being melted and the latent heat associated with melting maintains a constant
cold TES temperature. The TES can only operate when there exists some frozen PCM
inside. Once all the PCM is melted, the TES can no longer absorb isothermal heat and the
normal mode must be used to cool the building. All other times the VCS is in standby

mode.

The overall flow of information in the model is depicted in Figure 23. The decision
tree works as the main control to coordinate all these components. The feedback arrows
represent the updated (i+1) values being fed back to the main models.
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Component Models

Weather Data

The system’s performance is evaluated for a hot week in a dry climate of southern
California, ASHRAE climate zone 3B, June 24-30, 1994. TMY 3 weather data for Fresno
County, CA was used. The location correlates to the utility pricing. The dry bulb
temperature is shown in Figure 24 with the indoor comfort temperature range shown for

reference.

Building Model

A simplified building model is used to simulate the thermal response of the building.
The simplified model calculates the indoor temperature depending on the ambient heat
load, VCS heat load, and the building thermal capacitance. The ambient heat load is
modeled by using an assumed building balance point temperature of 18°C with the heat
exchange from the ambient proportional to the difference between the outdoor ambient
temperature and the point balance temperature, as shown in Equation (2). The effective

heat transfer coefficient, U, was estimated to be 0.21 kW-K™.
Qamb =Ux (Tamb - Tbal) (2)

The indoor temperature is determined based on the heat balance according to Equation
(3) where Qvcs is the cooling load provided from the VVCS in either normal or discharging
modes dependent on the controls in Figure 4. The time step, dt, in this simulation is one
minute. An overall effective building thermal capacitance, C, of 16459 J/K was chosen to

represent a typical single-family house with 223 m? (2400 ft?) area [3].

_ —(Qvcs—Qamp)*dt
Tindoor,i+1 - Cam + Tindoor,i (3)
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Building Thermostat Model

The thermostat control has a constant setpoint of 21.1°C (70°F) and a deadband of
+0.5°C (x1.8°F). When the building temperature rises above the setpoint temperature plus
the deadband, the VCS will be activated to cool the building in either normal or discharging
mode dependent on the decision tree of Figure 22. The building will cool until the
temperature falls below the setpoint temperature minus the deadband where the VCS will

be shut off for direct building cooling.

VCS Model

The VCS was modeled in Engineering Equation Solver [187] to model a 2-ton HVAC
system and couple it with PCM TES. The VCS uses R410a as the refrigerant with a
constant volumetric flow through the compressor. The VCS modeled is ideal: the
compressor undergoes isentropic compression, the expansion valve sees isenthalpic
expansion, and there is no pressure drop across either the condenser or evaporator. In
normal operation, the dry bulb temperature is taken as evaporator temperature. An
approach temperature of 5 deg was fixed. The discharging, charging, and normal modes
were modeled independently, and lookup tables developed.

For all modes the compressor has the same constant volumetric flow rate, 2.5e-6 m®.
In the normal and discharging modes, the VCS interfaces with the building with an
evaporator at a near constant 15°C temperature. In the normal mode the condenser is
coupled to the ambient, thus the ambient temperature, as shown in Figure 5, was used as
an input. In discharging mode, the condenser is coupled to the TES, kept at a constant 0°C.
Fans with a power draw of 0.585 kW are present only in the building air handling unit and
the outdoor condensing unit and are activated when the operating mode dictates. The TES
does not have a fan. While in charging mode, the VCS evaporator interfaces with the TES
and the condenser to the ambient. Thus, the TES heat exchanger must be able to be
switched from a condensing mode to evaporating mode. For a real system of this type,

controllable valves, check valves, switches, and other special components may be

105



necessary for the TES system to make this switch. The simplicity of this model assumes

these challenges can be met.

The work and heat for all modes was calculated and called upon by the building and
thermostat models as determined by the decision tree of Figure 22 and the information flow
of Figure 23. The values of work and heat are shown in Figure 25 plotted against the
ambient temperature where applicable. The discharging mode has no external temperature

dependence and thus its operating parameters are constant.

TES Model

The VCS is coupled to the TES system; the TES does not interact with the building
directly and is insulated from ambient exposure. The PCM embedded in the TES is
water/ice with a melting temperature of 0°C, in an assumed 80-gallon tank, which provides
nearly 27.8 kWh of cooling capacity. The necessary heat exchanger in the TES is assumed
to have near infinite heat transfer rate such that the temperature within the TES is constant
at 0°C. The state of charge (SOC) is the percentage of maximum energy stored within the
TES. When the TES is operated in the discharging or charging modes, the energy
contained and SOC are reduced or increased, respectively, by the amount of heat
determined by the VCS model.

This model only charges the TES between the hours of 1am and 7am. Different time
controls or schedules may be utilized in real systems to avoid off-peak power demand
spikes as predicted by Gottwalt et al., (2011) or to take advantage of abundant energy on
the grid from daytime solar or heavy wind periods, depending on the energy portfolio of

the utility provider or any off-grid energy sources a customer may have.

Utility Rate Analysis

The TOU utility tariff used in this analysis is Pacific Gas and Electric (PG&E) Electric
Schedule E-TOU-B (Pacific Gas and Electric, 2020).
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This is a legacy tariff as of May 1, 2020, no longer accepting new customers, but the pricing
structure is representative of the difference between on-peak and off-peak prices for current
tariffs in the region (California Public Utilities Commission, 2019). The tariff is priced as
follows: from June 1 to Sep 30, peak hours are 4pm to 9pm, Monday through Friday with
a rate of $0.39689/kWh; all other hours, including all weekend hours, are off peak rates of
$0.29383/kWh. Winter rates (Oct 1 — May 31) differ.

Ambient dry bulb temperature is plotted against utility rate in figure 26. Peak time also
occurs when cooling demand is higher, so the control strategy is designed to shift the load

from high demand period at extreme ambient temperatures.

Results and Discussion

For the simulated 7-day period, the electric consumption of the HVAC system and the
total utility cost are compared for systems with and without water/ice-based TES. Figure
27 shows the total electric consumption as well as the on-peak hour consumption. Note
that only the first five days (weekdays) have on-peak pricing; weekends are considered off-
peak. The baseline system without TES used 353.2 kWh total with 98.1 kWh used during
on-peak hours: weekdays, 4pm — 9pm. With the TES system, the total electrical usage was
reduced 14.5% to 302.1 kWh including an 87.5% reduction of on-peak usage to 12.3 kWh.

The utility cost to run the VCS on a hot summer day increases as a function of outdoor
dry bulb temperature. During the utility rate peak hours, 4 PM to 9 PM on weekdays, the
cost spikes in the base case. The utility cost to cool the building is shown in Figure 28. The
baseline model without the TES resulted in $112.52 but use of the TES system cost nearly
20% less at $90.04 for this simulated week. It should be noted that California has some of
the highest utility costs in the US and this week simulated has particularly hot temperatures.
These results should neither be extrapolated to yearly savings nor may be representative of
other climates or regions. However, this does show that during extreme heat events, TES
will be a crucial energy saving mechanism, reduce on-peak energy demand, and may be

economically beneficial for the customer.
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Figure 29 shows the PCM state of charge (SOC) during the modeled time. The PCM
is fully charged during off-peak hours and is discharged during peak times. Only on two
days does the PCM fully discharge causing the VCS to revert to normal mode operation
during peak hours. Despite this, the 100 gallon ice PCM is able to provide adequate energy

for cooling for peak utility rate hours on a typical summer day in this climate.

Figure 30 shows indoor temperature profile with and without PCM. It can be seen that

the occupant comfort was successfully maintained at 20°C for all the operating modes.
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CONCLUSIONS

A residential building was modeled with PCM-based TES and the economic and
energy savings were estimated under a TOU rate structure with a rate difference of
0.103%$/kWh between on-peak and off-peak. The TMY3 weather data was used for
ASHRAE climate zone 3B. The analysis showed that the total energy used to cool the space
was reduced from 353.2 kWh without TES to 302.1 kWh with TES, a 14.5% reduction.
The on-peak energy usage was reduced by 87.5%, from 98.1 kwWh without TES to 12.3
kWh with TES. In addition, the cost to the customer was reduced by nearly 20%, from
$112.52 without TES to $90.04 with TES.

Since only 7 days were simulated, the results should not be extrapolated for annual
savings, but highlights the potential for reducing peak energy demand during weather
extremes. This work also suggests that the demand side management systems, including
TES, with on time-based electricity prices may create an economic advantage for
residential customers to shift peak energy loads without compromising comfort. TES are a

valuable tool to level out electrical grid demand and add stability to the grid.

113



CHAPTER IV
OPTIMISING PHASE CHANGE TEMPERATURE FOR HEAT
PUMP INTEGRATED WITH TES
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Abstract

Phase change material (PCM)-based thermal energy storage (TES) can provide energy
and cost savings and peak demand reduction benefits for grid-interactive residential
buildings. Researchers established that these benefits vary greatly depending on the PCM
phase change temperature (PCT), total TES storage capacity, system configuration and
location and climate of the building. In this study, preliminary techno-economic
performance is reported for a novel heat pump (HP)-integrated TES system using idealized
approach. A simplified HP-TES was modeled for 1 year of space heating and cooling loads
for a residential building in three different climates in the United States. The vapor
compression system of the HP was modified to integrate with TES, and all heat transfer to
and from the TES was mediated by the HP. A single PCM was used for heating and cooling,
and the PCT and TES capacity were varied to observe their effects on the building’s energy
consumption, peak load shifting and cost savings. The maximum reduction in electric
consumption, utility cost and peak electric demand were achieved at a PCT of 30°C for
New York City and 20°C for Houston and Birmingham. Peak energy consumption in
Houston, New York City, and Birmingham was reduced by 47%, 53%, and 70%,
respectively, by shifting peak load using a time-of-use utility schedule. TES with 170 MJ

storage capacity allowed for maximum demand shift from on-peak to off-peak hours, with
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diminishing returns once the TES capacity equalled the daily building thermal loads

experienced during the most extreme ambient conditions.

Research Question

What is the optimum PCM temperature and heat pump configuration for maximum

economic and grid benefits of heat pump integrated TES?

Background

Buildings are responsible for about 40% of the total energy consumed in the United
States [1], accounting for 75% of the total electricity consumption and 78% of the 2:00—
8:00 p.m. peak period of electricity use [2, 3]. As of 2020, 75% of the homes in the United
States use central air conditioning [190]. Since space conditioning loads comprise about
half of the total building’s load [188], residential buildings present an opportunity to reduce
peak energy demands by managing building’s heating and cooling demand and can relieve

stress on the electric grid during peak times by shifting the peak loads [5, 6, 7, 8].

Thermal energy storage (TES) has been identified as a key enabler for reducing peak
demand and providing resilience for reliable operation during power outages, as described
in the US Department of Energy’s Grid-interactive Efficient Buildings report [188].
According to the report [188], consumers who pay demand charges or time-of-use (TOU)
rates are generally the most financially driven to adopt the technology because TES is

beneficial for shifting predictable daily loads for demand response.

The US Census Bureau reports that more than 44% of US houses were built before
1970 and were constructed according to outdated standards [191]. As a result, oversized
heat pumps (HPs) are essential for regulating humidity and temperature inside the house.
Although renovating the house or fully upgrading the conventional HVAC equipment can
be costly, heat pump (HP) systems are adaptable because they are able to respond smartly
to the fluctuations in peak demand. The capabilities of HPs and TES can be combined by

integrating these technologies. This integration allows the use of already-established
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technology and resources with minimal equipment to reduce the installation complexity
and TES footprint [2, 10]

Many possibilities exist for packaging phase change material (PCM)-TES in various
configurations. Passive TES configurations, in which TES charging and discharging occur
according to an uncontrolled independent variable such as ambient temperature and PCM
melting temperature, are more common in literature. Passive TES may provide energy and
cost saving benefits, but they pose challenges such as complex installation, material
encapsulation, space constraints, and additional controls and components. Furthermore,
passive TES are not ideal for peak demand reduction because they do not have control over
TES operation [11, 12, 13, 14, 15, 16]. In active TES configurations, the decision of when
to charge and discharge is determined by controller hardware. The major benefit of active
TES configurations is the flexibility to be installed in an existing building infrastructure
without needing a significant construction—the TES may be separate and removed from
the space and simply integrated into existing HP equipment. The heat transfer is mediated
by the HP in active HP—integrated TES (HP-TES) configurations, and the user can control
the charging and discharging process based on cooling or heating demand because HP-

TES is programable with the thermostat [23].

State of the art

Researchers have installed PCM via passive TES configurations in walls, ceilings,
windows, or embedded directly into building materials such as concrete [17, 18, 19, 20,
21, 22]. HP-integrated active TES, where TES has been coupled to or installed in HP
components such as an evaporator or condenser [23, 24, 25, 26, 27, 28] is the focus of this
paper. The techno-economic value for each configuration varies by charging and
discharging operation, storage capacity and the material used. A previous review [23]
pointed out that researchers have shown energy savings of 9%—-62% when using TES, but

the PCM temperature and storage varies in each study [23].
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A particularly promising active HP-TES configuration by Dong et al. [3] offers large
performance improvement with minimum modification while reducing the TES footprint.
The ice-based TES system simulated for 100 residential buildings in Tennessee was
mediated by HP and absorbs the air conditioner’s condenser heat during peak hours. Peak
load of 12.7% was shifted, saving 19% of winter electricity cost and 13% of electric

consumption for space heating on a winter day in Nashville.

The selection of PCM, phase change temperature (PCT) and storage capacity are
important to design the appropriate TES [192]. Various approaches can be found in
literature that choose the PCT to maximize their performance for space conditioning in
buildings. Wagas et al. [192] argued that PCM temperature selection should be close to the
comfort temperature of the chosen climate location. Medved and Arkar [121] studied
passive cooling for continental climates and found the PCM with a melting point equal to
the average temperature of hottest month was the most appropriate choice (i.e., 20°C—
22°C). Wagas and Kumar [160] demonstrated optimum PCM storage unit performance by
selecting a PCM with the melting point equal to the comfort temperature of hottest month
for free cooling.

A single PCM unit for heating and cooling was analysed for the subtropical humid
climate of Islamabad, Pakistan, which observes large variations in summer and winter
temperatures [193]. A commercial PCM (salt and paraffin blend) was used, and a
parametric study was performed. The optimum melting point was approximately 29°C for
summer and approximately 21°C for winter. Both seasons could have optimized
performance at approximately 27.5°C, but the cooling capacity drastically drops below this
point. The study concluded that to choose a single melting temperature for both
applications, the PCM melting point that maximized summer cooling could be used for

winter heating but not vice versa [193].

Passive PCM-TES is proven to be effective for space cooling in literature, but for the
climates with less significant diurnal or annual temperature variations, passive systems

may not be beneficial [29, 32].
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PCM temperature optimization has been studied by various researchers and is briefly
discussed in Table 14. The table summarizes the range of PCTs used in each paper, with
the optimized PCT for respective application. Notably, PCM is mostly used passively and
is integrated in the building envelope.

The literature survey on optimization studies suggests that only passive systems have
been investigated to find optimum PCT, which is room temperature for the majority of
cases. Different PCM materials and melting temperatures have been selected for heating
and cooling applications for a given TES [33, 34, 35, 36, 37, 38, 39, 40, 41, 42].

For the configuration chosen for this study, PCM-TES was not directly used to cool or
heat the building but was coupled to the HP to provide a heat sink/source. This type of
system can be integrated with the existing HP via active configuration and is beneficial for

residential buildings [23], where even small TES can provide peak energy savings.

Research Gap and Objectives

This study fills a gap in the literature by modeling a single PCM characterized by a
single PCT in HP-TES configuration for heating and cooling. This study evaluated the
economic and grid benefits of HP-TES using time-based utility rates in three climates and
performed parametric analysis. The PCM was installed in a heat exchanger coupled to the
HP, with heat transfer to and from the TES always mediated by the HP. The HP model,
building model and PCM model were simplified to show the promise of such HP-TES
configurations. The scope of this study was to determine the optimum PCT and storage
capacity for maximum energy savings, cost savings and peak load shifting benefits of the

said configuration of HP-integrated TES.
The novelty of this research is:

e Evaluating a novel configuration of HP-TES and determining economic value of

the system.
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Table 14: Literature review on PCM temperature optimization

References | PCM material & | Optimized Methodology | Application and
melting range PCM (Simulation PCM integration
temperature | based studies)
[161] Honeycomb PCM 29°C Numerical, PCM-enhanced
(26°C-29°C) (cooling) EnergyPlus envelopes
(E+)
[162] Bio PCM 25°C ConFD in E+ In building envelope
(20°C-25°C) (cooling) coupled to HVAC
20°C
(heating)
[163] n-Octadecane PCM | 28°C Temperature In wall coupled to
(22°C-32°C) (cooling) controlled, E+ | HVAC, Benchmark
cubic model
[164] 30 wt % paraffin | 26°C Optimization Microencapsulated
PCM (cooling) using h-T | PCM direct
(23°C-26°C) 20°C function in E+ | integration in
(heating) and GenOpt building envelope
(inner surface of the
exterior walls and
roof)
[194] Various Bio PCMs 25°C Optimized Various
(21°C-29°C) (cooling) PCM configurations with
21°C performance in | integration in wall
(heating) E+
[168] Knauf PCM, 30% | 25°C-25.9°C | 10 scenarios in | Building envelope
microencapsulated (cooling) 4 climates, E+, | coupled to HVAC
paraffin shifted peak | with controlled
(23°C-26°C) demand ventilation for
charging
[170] Paraffin with EG and | 27.5°C TRNSYS heat | Double layer PCM
polyethylene (cooling) transfer model | Trombe wall
1.(20°C45°C) 16.5°C and  GenOpt | PCML1: heat
2.(5°C-30°C) (heating) optimization insulation

PCMZ2: preservation
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e Using single PCM for both heating and cooling for an active HP-TES, and

determining optimum phase change temperature and storage capacity.

Methodology

The modeled system was composed of several models that operate simultaneously,
including a simplified building model, vapor compression HP model, TES with embedded
PCM as a heat exchanger, and thermostat model that monitors the building’s indoor
temperature and implements rule-based controls based on a fixed TOU pricing schedule.
The HP-TES system was modeled using MATLAB.

The TES consists of an arbitrary PCM; the PCT does not correspond to any specific
PCMs. The TES only interacts with the HP, and no direct heat transfer occurred between
the TES and building. In this configuration, the TES was coupled to the vapor compression
system (VCS) and absorbed the condenser heat during summer peak hours; the TES
provided the evaporator heat during winter peak hours.

The focus of this study was to evaluate the effect of HP-integrated PCM-TES using
simple, rule-based controls with time-based, predefined utility rates. The effects on peak
energy consumption, annual energy consumption, and energy cost were calculated. A
simple building model and control strategy were used, and these can be further improved

in future studies to achieve more accurate results.

The building and TES-integrated HP was modeled for 1 calendar year using a minute
time step. For each minute, the thermal profile of the building, the operation of the HP, and
the cumulative electrical energy usage of the HP were determined. The temperature and
energy storage capacity of TES were parametrically varied. Three different climate
locations within the United States were examined: Birmingham, Alabama (ASHRAE
climate zone 3A, mixed humid); Houston, Texas (2A, hot humid); and New York City,
New York (4A, mixed humid) [195]. Each of these geographical locations requires

summertime cooling and wintertime heating, but the amount of each varies.
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With this model, the TES temperature corresponding to the lowest annual HP energy
consumption was determined, which helped identify which PCMs may be integrated into
TES systems for each location. The model also identified the minimum TES energy storage
capacity necessary to see these energy savings for the building size and type modeled. This
informed the total system sizing, which can be used in future work to determine associated

manufacturing and installation costs.

System Overview

Two cases were compared using TOU rates: baseline and TES. The baseline system
did not include TES, and the heating or cooling was provided by air source HP via a vapor
compression refrigeration system. The scope is limited to space conditioning only and this

paper does not consider hot water preparation.

In the TES case, the basic VCS was modified to enhance its performance by coupling
itto PCM-TES. The TES was assumed to have an infinite heat transfer coefficient and was
always at a constant temperature. Depending on the mode of operation, the PCM heat

exchanger can function either as an evaporator or condenser in the HP,

Figure 31 compares the temperature gradient for normal VCS operation (baseline
system) for primary modes and TES-assisted cooling or heating. The baseline system for
the primary cooling mode is shown in Figure 31a, where the building was cooled with VCS
acting as conventional air conditioning system [154]. The VCS evaporator cooled the
building air, and the condenser dispersed the heat into the ambient. A positive temperature
gradient allowed the VCS to transfer heat between the building and the ambient. A similar
positive gradient is illustrated in Figure 31c, representing a baseline system for the primary

heating mode. The increasing width of arrows indicates added heat.

PCM-embedded TES can improve the building cooling and heating performance by
introducing a more favorable temperature gradient for the operation of the VCS. Figure
31b shows the TES-assisted cooling, where the condenser was coupled to the colder
temperature of the TES [154].
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Therefore, to move the building’s cooling load, the VCS had a negative temperature
gradient. Similarly, for the TES-assisted heating, the evaporator was coupled to the hotter
temperature of the PCM and moved the heating load using a negative gradient. This
gradient enabled the VCS to operate at a much higher performance compared with the

baseline.

Operating Modes

The system had two primary modes: a primary cooling mode and primary heating
mode. Each primary mode had four operational modes: normal mode, charging mode,
discharging mode, and standby. The TES was not involved in the standby and normal

modes.

Standby mode is when the HP is off, and no cooling or heating is provided. The
ambient thermal loads and solar heat is gained passively during the standby cooling mode.
In the normal mode, the building is cooled or heated by conventional HP operation only.
In the primary cooling mode, the vapor compression cycle operates such that the condenser
moves heat (Qcond) to the ambient, and the evaporator removes heat (Qevap) from the
building. In the primary heating mode, the vapor compression cycle is reversed; the
evaporator extracts energy from the ambient, and the condenser delivers heat to the

building.

For discharging operation in primary cooling mode, the evaporator is coupled to the
building to provide space cooling, and the condenser is coupled to the TES. The heat, Qcond,
is absorbed by the PCM through latent heat of melting. Likewise, for discharging operation
in primary heating mode, the HP condenser is coupled to the building to provide space
heating, and the evaporator is coupled to the TES. The PCM releases heat, Qevap. The
coefficient of performance (COP) is higher than in the normal operation during

discharging.

The PCM heat exchanger operates as the evaporator in the charging mode for cooling.

The latent heat of freezing is removed from the PCM, and the condenser heat is rejected to
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the ambient. In the charging heating mode, the PCM operates as the condenser and absorbs

Qcond through the latent heat of melting.

Figures 32 and 33 show the configurations in all operating modes.

Component Models

The total model was a collection of submodels that operated together to maintain
indoor building temperature at comfortable levels at each 1-minute time step of the
simulation. Figure 34 shows the general operating schematic of the total model and the
exchange of information between submodels. All models were written in MATLAB. The

following sections describe each submodel in detail.

Weather Data

Typical meteorological year (TMY3) data was used for this analysis [196]. This
TMY 3 data is hourly in its raw form with each temperature corresponding to the end of the
hour. It was interpolated using a spline fit to expand to minute time step resolution. Only
the ambient temperature was used. This model did not include solar irradiation or wind on
the building. This information can be included in future model iterations. Considering the
solar irradiation in building model would be expected to change the building loads.
Specifically, solar gain in winters would decrease the winter daytime building load (with
limited effect on the electricity demand during the morning grid peak time) while solar
gain in summer would increase the summer peak load. This may increase the importance
of summer load, and require larger cooling capacity. Potentially, our load shifting controls

will then also generate higher benefits.

The climate locations studied were Birmingham, Houston, and New York City,
corresponding to ASHRAE climate zones 3A (mixed humid), 2A (hot humid), and 4A
(mixed humid), respectively [195]. These are the representative climate zones from both
cooling and heating dominated regions and should have different performance affected by

the weather.
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Figure 35 shows the average ambient dry-bulb temperature during each month for all

three locations.

Utility Data

For this model, the on-peak periods were determined using TOU utility rates available
to a residential consumer in each geographic location. TOU rates price the cost of
electricity differently depending on the time of day and the month. In this analysis, only
energy-based TOU rates were used—that is, the electricity is priced per kilowatt hour.
Other TOU rates may have limitations on the instantaneous demand, but this factor was

not considered here.

TOU rates were found for each location, and the model was run such that the on-peak
times were determined when the cost of electricity was higher than the baseline. Table 15
shows the utility cost information during 2020 for all locations, which demonstrates the
disparity in electrical pricing across the United States and highlights the different financial

incentives that TES may offer.

TES Model

The TES model was simplified for ease in analysis with only energy balance
performed; no considerations were made to the inner workings of the TES system. The
TES was assumed to be a heat exchanger with embedded PCM, which enabled isothermal
operation. In this analysis, the TES heat exchanger was considered to have an infinite heat
transfer coefficient; thus, the TES was maintained at the PCM PCT, Ttes. The model was
simplified to assume that Tevap and Tcond Were equal to Tres during charging and discharging

modes, respectively, when TES was coupled to HP.

The PCM is idealized in this model, leading to more favorable results. Zero glid and

zero super cooling were assumed [45, 46].

The TES stored the thermal energy desirable for the primary space conditioning mode,
which defines the state of charge (SOC).
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Table 15: Electric utility rates

Location Utility TOU tariff Non-TOU tariff
Tariff On-peak Off-peak Tariff ¢/kKWh
name rate rate name

(¢/KWh) (¢/KWh)

Birmingha | Alabama | Residenti | 27.0 7.0 Standard 12.48

m, Power al  Time | (summer?) | (summer!) | Rate Plan (summer

Alabama Advantag | 9.0 7.0 h
e (winter?) (winter?) 12.23

(winter?)

Houston, Gexa Free 245 (year | O (year | EveryDay | | 20.3

Texas Energy Mornings | round) round) EveryNight
& Nights 12
12

New York | ConEdiso | Rate Il - | 40.1 15 Rate | -|14.6

City, New | n Residenti | (summer?) | (summert) | Residential | (summer

York al  and | 145 15 and h
Religious | (winter?) (winter?) Religious | 12.7
- (winter?)
Voluntar
y Time-
of-Day
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At its full capacity, TES SOC is 0 in primary cooling mode and 1 in primary heating mode.
TES SOC is defined as a thermal battery, where 0 refers to the PCM fully frozen (zero

usable thermal energy), and 1 indicates that its fully melted (full of thermal energy).

Table 16 explains the SOC in different modes. During discharging cooling mode, the
TES acts as a heat sink for the HP, and TES SOC increases, melting the PCM. During
discharging heating mode, TES acts as a heat source for the HP, and TES SOC decreases,
solidifying the PCM. During the use of TES, if energy storage capacity is reached, the

system will default to normal mode operation.

Thermostat Controls

The thermostat is the core of the model and communicated information between all
submodels. It determined which operating mode to use to run the TES system by
monitoring the indoor temperature, TES SOC, and on-peak status. Thermostat controls are
implemented in two steps. First, depending on the monthly average temperature, the
thermostat determined if the building and HP were operating in primary heating mode or
primary cooling mode for the given month. If the monthly average ambient temperature
was greater than 2°C above indoor set point temperature, the system operated in primary
cooling mode for that month. Otherwise, the system defaulted to primary heating mode.
This step is only for convenience and does not impact the results. For the main controls to
determine TES operating modes, daily values were considered, and indoor temperature is

rewritten for each minutely time step.

The building set point temperature and dead band for the primary cooling mode was
23°C £ 0.5°C and 20°C + 0.5°C for the primary heating mode, which correspond to typical
occupant behavior and ASHRAE standards for indoor climate comfort (ASHRAE 55). In
the primary cooling mode, the system primed itself to reduce energy only to cool. If the
indoor space needed to be heated during this mode, the TES wouldn’t be used, and the

system would only use the normal heating mode. The same is true in the primary heating
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mode. Within these primary modes, the thermostat determined whether the heat pump or

TES should be used for cooling or heating at a given time.

As shown in the control’s decision tree in Figure 36, if cooling or heating was not
needed during off-peak time, and the TES SOC < 1, charging mode was activated. During
peak time, TES was discharged until SOC reached 0.

Table 16 shows the operating mode decisions based on indoor temperature, SOC and
peak time (TOU) determination. Primary modes (column 1), as determined by monthly
average temperature, had controls to determine operating modes (column 5). Tindoor and
TOU were checked at each time step, but SOC was only checked for TES modes after the
first two conditions were met. This decision was the first decision made in each time step,

and the appropriate information was sent to each submodel.

Heat Pump Model

The R410A refrigerant HP was modeled first in Engineering Equation Solver (EES)
for an array of evaporator and condenser temperatures. The EES model was the same as
that in previous work [14]. HP electrical work and heat loads were calculated from the EES
model and fit to the following equations.

OQnhec = a(Tevap) X b X C(Tevaprcond) (4)

where the parameter a curve fits the density of saturated R410A vapor at the

compressor suction.
a(Tovap) = (30.5571378 + (1.02160466 X Teyap) + (0.0138446344 X TZ,p)) (5)

Parameter b normalizes the operation of the HP such that 7.5 kW of cooling is achieved
with Tevap =0°C and Tcond = 35°C.
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Table 16: Operating mode examples

Primary Conditions to satisfy for operating mode Operating mode
Mode Tindoor(i—l) Peak time SOC
Primary >23.5 Yes >0 Discharging cooling
Cooling (thermostat calls for Tevap = Tindoor
cooling) Teond = T1es
No Any Normal cooling
Tevap = Tindoor
Teond = Tambient
<23.5 No <1 Charging cooling
(thermostat does not Tevap = Tres
call for cooling) Tcond = Tambient
<22.5 and Tpa > No Any Normal heating
Tamb(i) Tevap = Tambient
(thermostat calls for Tecond = Tindoor
heating)
All other times Standby
Primary <19.5 No <1 Charging heating
Heating (thermostat doesn’t Tevap = Tambient
call for heating) Teond = Tres
No Any Normal heating
Tevap = Tambient
Teond = Tindoor
>19.5 and <20.5 Yes >0 Discharging heating
(thermostat calls for Tevap = Tres
heating) Tecond = Tindoor
>20.5 and Tpa < No Any Normal cooling
Tamb(i) Tevap = Tindoor
(thermostat calls for Tcond = Tambient
cooling)
All other times Standby
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7.5

b =358 (6)

Parameter ¢ accounts for the increase in vapor mass fraction quality entering the
evaporator during isenthalpic expansion. The approximate specific heat, cp, is 1.5 J/(g-K)
and 220 is approximate enthalpy of vaporization, AHg, for R410A used in Equation 4 to

normalize parameter c.

(1-5 X (Tcond - Tevap))
220

C'(TevaprTcond) =1- (7)

The coefficients of performance for heating and cooling were estimated using Carnot
relationships and an assumed Carnot efficiency of 30%. In the case where the heat source
was hotter than the heat sink, this study assumed a fixed COP. Paired with Equation 4, the
heating and cooling capacity and electrical work were determined for given condensing
and evaporating temperatures of the HP. During the total model run, the inputs to Tcond and
Tevap Were either the indoor temperature, TES temperature, or ambient temperature decided
by the thermostat model and the operating mode.

Figure 37 shows T-s diagram for cooling cycle with PCM. This assumption causes

high approach temperature on the condenser.

Building Model

The building model was simplified to focus on HP-TES configuration. A simple,
single resistor and single capacitance (1R-1C) building system was used for calculating the
thermal loads on the building [154], [199]. The heating and cooling of the building was
based on daily TMY data of the individual climate regions. The resistance values were
calculated based on building loads by analysing prebuilt building models in each climate
zone from EnergyPlus [200]. The values for a typical 2,500 ft? detached single family home
in the United States were assumed as overall heat transfer coefficient; UA = 0.11 kW/K.
The building capacitance; Cpuila Was calculated using Equation 10 with the balance
temperature of 15°C.
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The heat load on the building from the ambient was calculated simply using the
building UA and the difference between balance point temperature and ambient

temperature at time i.

Qbuilding,i = UA X (Tamb,i - Tbalance) (8)

The building indoor temperature was set at the set point temperature at the initial
time step, and at the next time step i + 1, it was found by Equation 6. This equation sums

the heat load from the ambient and the heat load from the HP submodel.

(Qheat,pump - Qbuilding,i) % dt (9)

Thuilding,i+1 = Touildingi — Coorg
ul

Cpuilg = m* Cp X dt (10)

Humidity was not considered in this model. Future iterations of this analysis may

improve on the building model.

Results

The PCT and TES storage capacity (Ercm) were varied parametrically to evaluate their
effect on utility cost, electric consumption and peak consumption for a year. PCT was
varied from 5°C to 45°C and Epcm from 5.56 to 47.2 kwWh (20 to 170 MJ). Three locations

in the United States were simulated.

In the following sections, results are presented for each location for annual electricity
energy consumption, annual electricity consumed during peak hours and annual electric
utility cost. Note that the scale on the vertical axis changes for each location. Each line in
a figure corresponds to a different energy storage capacity of the TES, and winter and
summer seasons were plotted separately. Baseline is the case where no TES was present,
and the system operated as a conventional air source HP system.
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For utility cost analysis, the TES case used the TOU tariff, and there were two baseline
cases. The primary baseline was the no-TES case, where a standard utility tariff (non-TOU)
was implemented; the additional baseline was the no-TES case with a TOU tariff. For each
location, TOU and non-TOU tariffs are mentioned in Table 15. The utility costs were the
only energy consumption charges associated with space conditioning. This study excluded

connection and base service charges.

Birmingham, Alabama

Birmingham is in ASHRAE climate zone 3A (warm and humid climate). Figure 35
shows the results for electricity consumption during peak times for winter and summer (as
defined by utility tariff). The winter months simulated were those in which a winter TOU
tariff was active for the local utility (October—May), and the summer months simulated
were the months in which a summer TOU tariff was active (June—September).

The TES with a larger storage capacity allowed for more demand shift from on-peak
to off-peak hours, with diminishing returns once the TES capacity equalled the daily

building thermal loads experienced during the most extreme ambient conditions.

At PCT below 20°C for cooling, the peak energy consumption was consistent. This
consistency was because the study assumed a constant COP when the source was hotter
than the sink. Above 20°C shows decreasing benefits as the PCM temperature increased,
and as it approached 35°C, the TES consumed more energy than the baseline. This increase
was because the control strategy only depended on peak time, which was defined by the
TOU rate; it did not depend on ambient weather. At 35°C, the peak energy consumption
was the same regardless of the size. This lack of change was because 32°C—-35°C was the
average ambient temperature during summer peak hours, and discharging TES for cooling
at 32°C—-35°C was expected to be equivalent to or worse than the baseline. As PCT further
increases, there was a penalty to discharge the system when TES becomes even hotter than

the ambient; the TES consumed more energy than the baseline. Hence, TES was not
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effective if PCT was closer to or hotter than the ambient. PCT of 20°C saved maximum

energy for the cooling season, and 35°C was ideal for heating.

Figure 38 shows seasonal results. Throughout the year, using a single PCM with 20°C
PCT and TES with 47.2 kWh (170 MJ) storage capacity, the annual reduction in energy
consumption during on-peak hours was 70.5% (517 kWh/year baseline vs. 152 kWh/year
with TES). In the TES case, the cumulative energy consumption during on-peak hours was
152 kWh/year (not shown in figure). Compared with the baseline, 365 kWh/year energy
consumption was shifted from on-peak to off-peak hours.

Figure 39 shows summer and winter energy consumption associated with space
conditioning as a function of PCT for different TES sizes. Percent cooling energy savings
were highest with a PCT of 20°C and energy storage capacity of 33.3 kWh (120 MJ).
During summers, at 20°C, the smallest TES consumed more energy than the baseline. This
increase was because of the suboptimal rule-based control strategy, which did not account
for ambient temperature in charging decision-making. TES was charging even when it was
hot outside, and that hurt the charging-discharging cycle efficiency of the TES, resulting
in more energy consumption. This effect was less prominent in a larger TES because it
took longer for the larger TES to charge. For the cooling season, a larger TES experienced
the charging process further into the evening when the ambient temperature naturally
dropped. Cooling energy savings were observed only when the PCT was between 15°C
and 25°C. It is unfavorable to use TES at temperatures far from the indoor temperature.
The smallest 5.56 kWh (20 MJ) TES consumed less energy than the larger TES at extreme

temperatures because the smallest did not get used as much.

The heating results are more consistent and do not deviate as much at extreme
temperatures because Birmingham is a cooling-dominated climate. The ambient
temperatures were not that extreme for frequent unfavorable charging, and even 70 MJ
TES in this case could fulfil the heating demand at 35°C PCT.
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Figure 38: Birmingham results for peak energy consumption.
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Annual energy savings (not shown in figure) for a single PCM with a PCT of 20°C at
an energy storage capacity of 33.3 kwWh (120 MJ) was 5.4% (2,036 kWh/year baseline vs.
1,925 kWh/year with TES). Annual energy savings in general were much less than peak
savings because of the increased energy consumption during off-peak times required to

recharge the TES. This result is consistent with previous works.

The heating and cooling cost of the integrated HP and TES system in Birmingham is
shown in Figure 40. TES used the TOU rate and was compared against TOU and non-TOU
baselines. The trend for TES is similar to the peak energy consumption for summers, except
the cost slightly rose again below 20°C. This increase was because more off-peak energy
below 20°C means an increase in utility payment. For winters, the off-peak price was

greater than in summers; thus, the savings were more significant.

Figure 40 shows that TOU baselines were already saving cost as compared with non-
TOU baselines. For the winter baseline case, more cost was saved using a TOU tariff. The
difference between the primary baseline and TOU baseline is huge because on-peak and
off-peak TOU rates were less than the standard rate (non-TOU) in winters. For summer,
the primary baseline saved more cost than the TOU baseline because the on-peak TOU rate
was much higher than the standard non-TOU rate (difference of 15.48 ¢/kwWh).

Figure 40 shows seasonal results. Total annual results are not shown. The annual TES
cost was $141/year (a savings of $111/year compared with the baseline). The 43.9% cost
savings were achieved by using TES at 20°C PCT and 33.3 kWh (120 MJ) energy storage
capacity under the TOU rate structure with $0.2/kWh price differential between on-peak
and off-peak times during summers and $0.02/kWh during winters. For the baseline

system, the annual energy cost would have been $252.7/year.
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Figure 40: Birmingham results for utility cost.
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New York City, New York

New York City is in ASHRAE climate zone 4A, a mixed humid climate. It is
considered a subtropical continental climate with large variations between summer and

winter.

Figure 41 shows the results for electricity consumption during peak times for winter
and summer (as defined by utility tariff). Winter months were when the winter TOU tariff
was active (October—May), and summer is the months in which the summer TOU tariff
was active (June—September). The trend is similar to peak energy results in Birmingham.
Maximum savings are observed at PCT 20°C for the summer season and 35°C for heating,
with a 170 MJ storage capacity for both cases. TES was not effective when PCT was far

from these values.

Figure 41 shows seasonal results optimized at different PCT and Epcwm for winter and
summers. The annual results were calculated by performing parametric analysis for the
whole year and finding the PCT and Epcm that delivered maximum annual reduction in the
cumulative energy consumption during on-peak hours. Peak energy consumption of 53%
was reported, achieved by using a TES with 47.2 kwWh (170 MJ) storage capacity and 30°C
PCT under the TOU tariff. The on-peak TOU rates in New York are much higher than
others. The cumulative energy consumption during on-peak hours was 627 kWh, and for
the baseline, the minimum on-peak annual energy consumed was 1,344 kWh/year.
Compared to the baseline, 717 kWh/year energy consumption was shifted from on-peak to

off-peak hours.

Figure 42 shows seasonal energy consumption associated with space conditioning
against PCT for different TES sizes. Cooling energy savings were insignificant—0.98%—
achieved only with a PCT of 20°C, and heating savings (6.9%) were achieved with PCT
30°C, both at an energy storage capacity of 170 MJ. For heating, TES energy savings were
observed when the PCT was between 25°C and 35°C. It is unfavorable to use TES

otherwise.
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Figure 41: New York City results for peak energy consumption.
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The maximum annual energy savings (not shown in figure) for New York City were
approximately 3.9% (2,675 kWh/year vs. 2,785 kWh/year) with a PCT of 30°C and energy
storage capacity of 47.2 kWh (170 MJ).

Figure 43 shows the seasonal heating and cooling cost of the integrated HP and TES
system in New York City. Maximum TES savings were achieved using 170 MJ Epcwm at
35°C in winters and 20°C in summers. TES and TOU baselines meet at 32°C in summers
and 10°C in winters, which indicates that discharging TES at these PCTs is the same as
normal HP operation, yielding no savings.

For winters, TOU baselines saved more cost compared with non-TOU baselines. The
TOU off-peak rate was very cheap, and it was almost free electricity at 1.5¢/kWh (Table
2). For summer, the primary baseline saved more cost than the TOU baseline because the
on-peak TOU rate was much higher (40.1¢/kWh) than the standard non-TOU rate
(14.6¢/kWh).

Annual savings of 35% were achieved at 30°C PCT and 170 MJ Epcm. TES cost was
$185/year under the TOU rate structure. Without the TOU rate structure, the minimum
peak annual energy cost was $287.5/year.

Houston, Texas

Houston is a hot, humid climate zone, categorized in 2A. In these plots, winter was
November through March, and summer was April through October, as defined by historical
average climate in Houston [201].

Figure 44 shows peak energy consumption during winter and summer for Houston.
The notable cooling energy savings were observed at PCT 20°C and Epcm of 170 MJ. For
the winter season, even a 70 MJ storage capacity was enough to meet the load, and
maximum savings were achieved at PCT 35°C. Baseline heating and TES met at 20°C,
which means that discharging TES for heating at 20°C would be the same as using an HP
in normal mode. This was also the case for cooling at 35°C. The TES consumption
increased at PCT far from these values.
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Figure 43: New York City results for utility cost.
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Figure 44: Houston results for peak energy consumption.
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The maximum annual reduction (not shown in figure) in the cumulative energy
consumption during on-peak hours was 47%, achieved by using a TES with 47.2 kWh
(170 MJ) storage capacity and 20°C PCT under the TOU tariff. The cumulative energy
consumption during on-peak hours was 588 kWh. For the baseline system, the minimum
on-peak annual energy consumed was 1,120 kWh/year without the TOU tariff. Energy

consumption of 531.9 kWh/year was shifted from on-peak to off-peak hours.

Figure 45 shows seasonal results optimized at different PCT and Epcwm for winter and
summer. The minimum annual energy consumption (not shown in figure) was
1,816 kWh/year with a PCT of 20°C and energy storage capacity of 47.2 kwh (170 MJ).
For the baseline case, energy consumption was 1,848 kWh/year. Annual energy savings
were observed only when the PCT was between 20°C and 35°C. The energy savings were
1.75%, which is lower than the savings at other locations. Heating energy savings during
winters in the New York City case made a huge difference to the results. Houston, on the
other hand, is a cooling-dominated, humid climate with very short and mild winters,

yielding less significant heating energy savings.

Figure 46 shows the seasonal heating and cooling cost of the integrated HP and TES
system in Houston. Maximum TES savings were achieved using 170 MJ EPCM at 35°C
in winters and 20°C in summers. TES and TOU baselines met at 35°C in summers and
20°C in winters, which indicates that discharging TES at these PCTs was same as normal
heat pump operation, yielding no savings.

For both seasons, TOU baselines saved more cost compared with non-TOU baselines
because off-peak energy was free in Houston under the TOU tariff by Gexa Energy (Table
15).

Figure 46 shows seasonal results. The annual minimum on-peak annual energy cost of
the integrated HP and TES system in Houston was $144/year with 20°C PCT under the
TOU rate structure. Without the TOU rate structure, the minimum peak annual energy cost

was $274.6/year, corresponding to 47% savings.
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Figure 45: Houston results for energy consumption.
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Figure 46: Houston results for utility cost.
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Discussion

This study focused on evaluating the indirect HP-TES configuration using simple,
rule-based controls with time-based, predefined utility rates. For that reason, the building
model and control strategy were simplified.

Figure 47 shows monthly total energy consumption for all three locations. The
minimum refers to the values obtained at optimum PCTs (20°C for summers and 30°C for
winters). The maximum values refer to those found at extreme PCTs (45°C for summers
and 5°C for winters). The consumption is highest for New York during winters and for
Houston during summers. Even though cooling loads for Birmingham are higher than the

heating loads, they are comparatively moderate.

In a previous study [154], 20% energy savings were achieved by using the similar
control strategies and configuration for an ice storage system in Fresno, California
(ASHRAE climate zone 3B). The TES in the previous study was simulated for 1 week, and
only the cooling mode was studied. The total energy consumption savings were smaller in
the current study. One reason for this decrease is that the week simulated in Fresno in the
previous study [154] had particularly large diurnal temperature swings, and the year-long
simulations in this study had smaller average diurnal swings. TES can provide more energy
savings for climate locations where daily diurnal temperature swing is larger than the

difference between indoor and PCM temperature.

The annual results are shown in Table 17 and Figure 48. To meet the high cooling
demand in Birmingham and Houston, the optimized PCT was 20°C for maximum annual
cost savings and peak electric demand reduction. For the New York City case, the optimum
PCT was 30°C because of high heating load.

Energy savings highly depend on the ambient temperature and diurnal swing, while
the cost savings and peak load shifted were driven by the peak time and heating and cooling
demand for each climate location studied. It can be concluded that higher savings are

expected in warmer areas where cooling demands dominate.
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Table 17: Annual results summary

PCT Ercm | Total annual energy Total annual Total annual on-
consumption utility cost saved peak energy
Location reduced shifted
(°C) (MJ) | (kWh/year) (%) ($lyear (%) (kWhlyear) | (%)
)

Birmingham, 20°C 120 110.5 54 111.0 43.9 365.2 70.5
AL MJ

New York, NY 30°C 170 109.6 3.93 177.4 48.9 717.5 53.3
MJ

Houston, TX 20°C 170 32.3 1.75 231.1 47.4 531.9 47.4
MJ
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We only analysed PCT from 0°C to 45°C with a resolution of 5 C which is a limitation
of this study. If the optimum lies in between 20 and 25 for example, that won't show up in

our assessment.

An important controls shortcoming was identified in this study. PCM was used for
discharging even if the ambient temperature was not favorable. For instance, if the PCT
was lower than the ambient temperature, extracting heat from the TES resulted in more
electricity consumption to meet the heating load as compared with the normal mode (i.e.,
extracting heat from warmer ambient air). Thus, predictive weather data should be included

in control strategies for future work to optimize TES operation.

TES systems with larger storage capacities were shown to have a narrower acceptable
PCT range because the adverse effects of this suboptimal control strategy became more
pronounced at extreme PCTs. In future work, the control strategy should be improved to

take advantage of the daily ambient temperature swing.
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CONCLUSIONS

An HP-integrated TES was modeled in a simple configuration to determine the PCT
and storage capacity that maximized energy savings, cost savings, and peak shifting for
select residential building types. Three TES systems were modeled and compared with a
baseline for different climate zones in the United States: Birmingham, Houston, and New
York City. The simple, rule-based TES controls were designed to shift the load from on-
peak to off-peak hours based on TOU utility tariffs available to residential customers in
these locations. Very simple models of the HP, TES, and building were used to focus on
evaluating the potential energy and cost savings and grid benefits of this HP-TES
configuration. The best TES storage capacity and melting temperature were calculated for

each case.

Birmingham and Houston are cooling-dominated climates, and 20°C was found to be
the best melting temperature for annual energy and cost savings, as well as demand shift.
New York City saw the largest energy savings and demand shift at 30°C because the system
needed to meet a high heating demand. The highest energy savings of 5.4% and maximum
peak load shifting of 70% compared with the baseline HP were observed in the
Birmingham case. Maximum energy cost savings of 48.9% compared with the baseline
ASHP were achieved in New York City. The energy cost savings and peak load shifted
were driven by the peak time and heating and cooling demand for each climate location
studied. TES with larger storage capacity allowed for more demand shift, with diminishing
returns once the TES capacity equalled the daily building thermal loads experienced during

the most extreme ambient conditions.

The scope of this work is limited to space conditioning in typical single-family
residential buildings of U.S. and the building model is simplified. A more sophisticated
model will be implemented in future iterations of this work and is expected to change the
building loads. Three climate zones have been analysed in this work, but for future, a
comprehensive analysis will be performed on more locations to represent more variations
in climates and to generalize expected results. For the TES model, an arbitrary idealized
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PCM is used and a range of PCTs is analysed with a difference of 5°C only. Future work
will consider more values in between for optimization and a more robust TES model.
Future models will also improve the control strategy and consider more variables like

ambient temperature and diurnal swing.
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CHAPTER V
ANALYSIS ON HP-TES IN VARIOUS CLIMATE ZONES IN U.S.
AND EXPERIMENTAL VALIDATION
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Abstract

Past work on TES integrated with heat pumps (HP) has demonstrated significant load
shifting and economic benefits. However, the potential for TES to reduce carbon emissions
has not been widely explored. This study evaluates carbon mitigation potential of HP-TES

based on a simple rule-based control strategy accounting for electric grid emissions data.

The objective of this work is to shift the peak load while also reducing the emissions
by designing controls using both utility and grid data. Marginal grid emissions data is
obtained to determine if the emissions are relatively higher than the average of the previous
day. The controls are then designed for the heat pump and TES operation, and emissions
are reported. MATLAB is used to model the system controls and integrated sub-models.
The modeled HP-TES system for single-family residential building demonstrates

decreased carbon emissions with reduced peak utility cost.

Research Questions

How much reduction in cost of electricity and carbon emissions is possible by shifting

the load from peak to off-peak hours for residential buildings in various climates?
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How can PCM based Thermal Energy Storage be integrated into a heat pump for
carbon mitigation, demand response, and reduced electric consumption of heat pumps in

residential buildings?

Background and Literature Review

Heating, cooling, and ventilation loads in residential buildings account for about 10%
of energy consumption and CO, emissions worldwide and comprises 50% of the building
electricity consumption [1]-[3]. The potential of onsite thermal energy storage (TES) has
mostly been underestimated even though its significance for decarbonization and demand

reduction has been established by researchers [2].

Studies can be found in literature that investigate the demand response potential of
TES. Peak thermal loads have been shifted to off peak time using utility pricing and
demand-based controls [2], [137], [154], [202]. However, only a handful of research works
reported in literature have investigated TES for carbon emissions reduction accounting for
HP loads. The Table 18 below summarizes the literature investigating TES potential for
demand management and carbon mitigation. Noticeably, gas consumption for furnace as a
base case is compared against electric HP in most papers.

As shown in Table 18, the papers reported in literature are either passive or hybrid
TES systems. Most researchers either employed passive cooling or heating by using PCM
in building envelope or in case of active system, integrated TES with an additional energy
production sources like PV systems. There is a large disparity in savings reported. Majority
of the works evaluate the electric heat pump CO2 emission reduction in comparison to gas
furnaces as a reference, which yields more than 40% reduction [34]-[36]. Other studies
compared PCMs with various insulations and passive configurations [203], [204]. In
optimization studies, different PCMs and their melting points have been investigated to
optimize the savings [205], [206].
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Table 18: Load shifting, and carbon mitigation reported in literature using

PCM-TES

Author

Location

System Description

Demand
Impact

Carbon
Mitigation

[33]

[34]

[208]

[35]

[194]

[203]

[36]

[206]

[204]

[205]

Turkey, Spain

Ithaca, NY

Spain

Italy

Iran

Saudi Arabia

UK

Saudi Arabia

Mexico

Turkey

PCM in buildings using
passive TES and Active

Aquifer TES

Borehole TES coupled

to heat pump

Passive
buildings

PCM

in

TES with Photo Voltaic
system and heat pump

Bio PCM integrated in

wall

and construction

material of building

3 different PCMs (18,
23, 25°C) in building

envelope

PCM in floor, coupled

to air source HP

PCMs (18, 21, 24, 25,
28°C) in wall, coupled

to HVAC

PCM (25°C) in building

envelope

PCM in
configuration

wall,
and

temperature optimized

Loads reduced
by 7% for
cooling and
10% for heating
Not reported

HVAC loads
reduced by 20%

41% energy
cost reduced by
peak load
shifting

4% annual
cooling and
heating  load
reduction

Not reported

50% annual
load reduction
Not reported
11-58% annual
load reduction

17.2% annual
energy savings

~26%*
emission
reduction

64%
emission
reduction
5.5%
emission
reduction
50%
emission
reduction

2-5%
emission
reduction

6.8-56.9%
emission
reduction
36%
emission
reduction
9.4-61%
emission
reduction
~25%*
emission
reduction
18.4%
emission
reduction

CO;

CO;

CO;

CO;

CO;

CO;

CO;

CO;

CO;

CO;

*Calculated from the data given in the paper
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Figure 49 shows the reduced carbon emissions in literature for different regions.
Passive TES have varying benefits but for all regions, heat pump coupled systems

consistently report more than 35% reduction.

HP-TES has especially garnered attention for its demand response potential, flexible
configurations, and less space requirements. Active HP-TES systems were reviewed to
establish that peak loads and cost associated with HVAC loads can be successfully reduced
[23]. Many researchers have used demand response control strategies to shift the peak load,
but very few papers have investigated the decarbonization potential of TES. Peak load was
shifted using various controls and configurations for residential HP-TES, and
corresponding emissions were reported [207]. The emissions have been calculated by
deriving relations to the energy consumption and power usage. Abu Hamdeh et al. (2022)
multiplied the power usage by the amount of greenhouse gases emission per kWh [203].
Arce et al. (2011) used European Commission emission factors, load reduction and energy
savings to calculate the carbon emissions reduced [208]. Cabeza et al. (2015) defined CO>
factor as a corelation between CO2 emissions (g) and energy consumption (kwh). The CO>
footprint (g/kWh) is 0.08 times energy consumption [33].

Table 19 shows the gap in literature and scope of this work. No studies were found

that utilize emissions data into the control strategy of HP-TES systems.

Marginal Grid Emissions

The electricity sector has seen a shift from traditional centralized system to a smart
grid device. This phenomenon has been ushered in by the increased integration of
renewable energies. The rapid proliferation of the ‘Internet of Things’ (IoT) [59], allow
major loads, such as HP, to be controlled with the goal of reducing peak power
consumption on the electrical grid. In a smart grid, HP can be considered part of the demand
side that can be actively managed to stabilize voltage fluctuations caused by high demand

or high penetration of renewable energy [209].
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Table 19: Table showing gap in literature and scope of this work.

Reference Active HP- Carbon CO2 Electric Utility
TES Emission emissions  heat pump based
mediated  controls reported baseline vs controls
by heat for HP- PCM for peak
pump TES load

shifting
[33] X X [ | X X
[34] X X m X m
[208] X X ™ X X
[35] X X [ X n
[207] X X [ X n
[194] X X n m x
[203] X X n m x
[36] X X [ x [
[3] u x X [ [
This work | | (] m [
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With smart control of HP-TES, the system can switch between charging and discharging
mode depending on the outdoor temperature, electricity price, desired indoor temperature,
renewable energy generation, and COP of HP [59]. It is important to describe how to
incorporate a grid’s GHG (greenhouse gases) condition into a site-specific MPC. The grid
system-wide emission rate in a specific grid region depends on the total power production
rate from grid power generators, and other factors that affect system operating conditions,
such as weather. The marginal operating emissions rate (MOER) is the partial derivative
of the systemwide emission rate with respect to the total production rate [210]. It means
the change of the emission rate in the grid region with respect to the last megawatt produced
by dispatchable generators having the unit of metric Ton COz-equivalent per MWh
[MTonCO2/MWAh]. Intuitively, this indicates how much carbon emission rate
increases/decreases in a grid region when one consumes one megawatt more/less.
Therefore, MOER allows for associating the power usage at a specific site with the carbon
emission rate in the grid region by simply multiplying the on-site power consumption with
the MOER signal. In this work, we used the MOER signal, based on a proprietary model
[210], but adapted for real-time use [211].

Case Study

The focus of this case study is to evaluate the carbon mitigation potential of TES
assisted heat pumps against the normal heat pump operation, to compare the emissions
with and without TES using a rule-based control strategy.

In our previous work, we used time-based pricing to determine the economic value of
residential TES system [154]. The PCM was incorporated into the conventional HVAC
and time-of-use (TOU) utility rate schedule was analysed to evaluate the demand impact
and energy savings. The objective of this present work is to evaluate the simple control
strategy to reduce grid emissions while shifting the peak load, accounting for both grid and

utility data. Marginal grid emissions data is used to determine if the emissions are relatively
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higher than the average of the previous day. The controls are then applied for the heat pump

and TES operation, and emissions are reported.

A simple building thermal energy model and HP model is evaluated with an active
configuration implying direct use of TES for the building cooling during the discharge.
The TES is based on water/ice PCM with 0°C storage temperature. TES is not directly
conditioning the building but interacts with HP to mediate the heat transfer. The potential
reduction in grid emissions is assessed using marginal grid emissions data and peak load
is shifted using residential TOU utility tariff. Both correspond to the ASHRAE climate
zone 3B, in California. For modelling, Engineering Equation Solver (EES) and Microsoft

Excel are used. System overview and decision controls are explained in the Methodology.

Methodology

The model comprises of various components connected to the building and HP using
R410-a refrigerant. A TES heat exchanger with embedded PCM is integrated into HP to
modify the vapor compression system and is transferring energy to and from the ambient.
Thermostat controls monitor the building indoor temperature. The ambient weather data,
TOU utility data, and marginal grid emissions data obtained for the same climate location,
ASHRAE climate zone 3B. Marginal grid emissions data and electric utility schedule
controls the heat pump to cool the building, and charge and discharge the ice-based TES.
The analysis is performed for cooling only during the hottest week of June. The building
energy consumption, HP work, and emissions are calculated in Microsoft Excel according

to the rule-based control strategy in the minutely time steps.
1. System Overview and Configuration

The conventional vapor compression cycle of HP is modified by coupling TES to the
system. TES is integrated with HP via active configuration and assists the HP cooling. TES
does not cool the building directly, but heat transfer occurs through HP, as shown in Figure
50.
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PCM-TES can function either as a condenser or an evaporator, dependent upon the mode
of operation. It isassumed that TES has an infinite coefficient of heat transfer and is always

at constant temperature of 0°C.

HP has four modes of operation. HP is turned off in the standby mode and only thermal
energy from outdoors is being transferred to the building. HP is turned on to cool the
building through refrigeration cycle in normal mode, and no TES is involved. During
charging mode, TES stores the energy from HP as Qrcwm to be used at later time. During
discharging mode, TES releases the already stored energy into the building via HP. This
mode has increased COP than the normal mode due to favourable temperature gradient.
TES, which is at a colder temperature, is coupled to HP condenser and creates a negative

temperature lift to move the condenser heat from building to TES.
2. Cooling Mode

Operating modes for cooling and respective energy flows are shown in Figure 51.
Ambient is at a higher temperature than the building. During cooling normal operation, the
condenser heat, Qcond, is discarded to the ambient while the heat of the evaporator, Qevap, iS

removed from the building and directed to the heat pump.

TES behaves as condenser or evaporator depending on the mode of operation.
Evaporator is assumed to be the TES during charging. So, the TES is being cooled directly.
The heat, Qevap, is removed from the TES though latent heat of freezing. TES solidifies as
the heat stored from the TES is discarded to the ambient via heat pump. In the discharging
mode, the TES is defined as the condenser and the evaporator was tied to the building. The
Qcond IS NOW being stored to the TES instead of ambient and the PCM within the TES is
being liquified.
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3. System Controls

The operating mode of HP-TES is determined by the thermostat decision whether the
building needs to be cooled or not, utility off-peak and on-peak time, state of charge of
PCM (SOC), and grid emissions. The control strategy of HP-TES model is regulated based
on four decision variables: ‘Thermostat call’, ‘Utility Peak’, ‘Emissions Peak’ and ‘State
of Charge’.

The thermostat model regulates the indoor temperature and determines if cooling is
needed at a given time to call for cooling. A cooling temperature setpoint is fixed at 21°C,
and the need is determined when the indoor temperature is higher than the cooling setpoint.
The utility model determines the utility peak time. The emissions are obtained from the

grid emissions model while the TES model determines the PCM state of charge.

The operating modes are shown in the decision tree diagram (Figure 52). Assuming
the initial PCM SOC as 50%, if the thermostat is calling for cooling during the utility peak
time defined by TOU tariff, PCM discharging mode will turn on. But during utility off
peak, the emissions peak will determine if the discharging mode should be on. Charging
mode is only activated during off-peak times to take advantage of the lower electrical cost
and emissions, while thermostat is not calling for cooling, and PCM is not already charged.
If during utility off-peak time, thermostat is calling for cooling, the HP goes into normal
operation depending on emissions peak. Emissions peak is determined by average of grid
emissions in the past 24 hours, if emissions are greater than the average of last 24 hours at
a given point, it’s emissions peak. In previous work [6], emissions were not included, and

controls were based only on utility data.
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4. Information Flow

The overall system flow is depicted in Figure 53, which depends on the component
models to analyze the weather, utility and emissions data. All the components are mainly
coordinated by the decision tree as a main control to maximize the system efficiency. Some
values are updated to use as intermediate inputs in the model, represented by feedback
arrows. The building model, HP model, and TES model are used from the previous work
[154].

Component Models
1. Weather and Utility Data

The TMY 3 weather data used is of Fresno, CA which corresponds to ASHRAE
climate zone 3B. The location correlates to marginal grid emissions and utility tariff. The
Time of Use (TOU) utility data is a fixed utility rate schedule from Pacific Gas and Electric
(PG&E) Electric Schedule E-TOU-B. The analysis for cooling is performed considering
both peak and off-peak hours for a hot week of June 24-30, 1994. The peak hours vary by
season. For cooling season defined from June till September, on-peak hours are observed
from 4pm to 9pm on weekdays, and the utility rate is $0. 39689/kWh. At other times,
including the weekends, the off-peak rate is $0. 29383/kWh. The difference between on-
peak and off-peak utility rate is $0.103/kWh.

Figure 54 shows ambient temperature versus utility rate for cooling season. The cost
for cooling increases when the demand increases as a function of outdoor dry bulb
temperature. The design objective is to take advantage of the low rates and assist heat pump
operation using TES when the cost is high during peak hours.

2. Building Model

Building’s thermal response is simulated by a simple building model that calculates
indoor temperature. The model takes into account the heat pump load, building’s thermal

capacitance, and ambient load.
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A balance point temperature of 18°C is assumed to model the ambient load, as shown in
Equation 12. An overall heat transfer coefficient of 0.25 kW/K is estimated based on

cooling design day.

Qamp = U * (Tamb - Tbal) (11)

Indoor temperature is determined by the energy balance where Qvcs is the cooling or
heating load output from the heat pump model in either normal or discharging modes, in
one minute time step. A single-family house with 223 m? (2400 ft?) area was selected and
the building capacitance was estimated to be 16459 J/K [154]. It was chosen to result in a
reasonable rate of change of building.

_ —(Qvcs—Qamp)*dt
Tindoor,i+1 - Cam + Tindoor,i (12)

3. Thermostat Model

The thermostat model tracks the indoor temperature and calculates the variable
‘thermostat call’. It uses a constant setpoint temperature to turn on cooling mode. Due to
thermal loading from the ambient temperature, when the building indoor temperature
exceeds the setpoint cooling temperature of 21°C (with a dead band of +/- 0.5°C), the
thermostat calls for cooling. Depending on other conditions (time of day, emissions, and
outdoor temperature), the HP will enter into either discharging mode where TES will be

used, or normal mode where HP cools the building without TES.
4. Heat Pump Model

A heat pump model was simulated in EES and the operating modes with TES were
modelled separately. The vapor compression model calculates the COP for cooling from
the evaporator output and electric consumption by compressor [6]. The compressor has a

constant volumetric flow rate of 2.5 m3. Equation 13 defines the cooling COP.

COP, = Jevar. (13)

Weomp
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The outputs of heat pump model, Qevap from the evaporator and Qcond from the
condenser are called into Excel, where they are coupled to the PCM-TES or ambient
depending on the operating mode. The condenser is tied to the ambient in normal mode,
thus the dry bulb temperature was used as an input. The condenser is paired to the TES in
the discharging mode. Where TES is kept at a constant 0°C. The discharging mode does
not depend on ambient temperature and thus its operating parameters are constant. Because
the temperature gradient is more favourable, total work during discharging is 0.748 kW,
much lower than the normal mode which varies between 2.65 and 7 kW depending on the
ambient temperature. The condenser is coupled to the ambient in charging mode, and how
the evaporator interacts with the TES. The decision tree (Figure 52) and thermostat model

was used to control the HP and PCM state of use.
5. TES Model

The HP vapor compression system is coupled to PCM via heat exchanger in such a
way that TES does not interact directly with the building and is not affected by the ambient
temperature. An ice/water based PCM with phase change temperature of 0°C is embedded
in the TES. TES heat exchanger is assumed to have an indefinite heat transfer rate at a
constant temperature maintained at 0°C. TES is modelled as an 80-gallon tank, which can
provide up to 27.8 kWh of cooling capacity. The operating modes are controlled by the

PCM state of charge which is a function of peak time, and indoor temperature.

The fraction of maximum energy that can be stored by TES is defined as state of charge
of PCM (PCM SOC). The PCM SOC is increased during charging to store the energy and
reduced during discharging mode when it is consumed. For charging mode, the state of use
of PCM (SOU) is -1, for discharging it is +1, and PCM SOU is 0 when it is not being used.

6. Grid Emissions Model

Marginal grid emissions schedule is obtained for Fresno, CA from a data driven tool
that uses an empirical model. The tool generates emissions schedule based on continuous

emissions and electricity generation data from major fossil fuel plants in the U.S.
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Figure 55 shows the hourly emissions data for the year of 2022 obtained on November
15. The data from January until November 15 is real time, and rest is projected based on
historical data. Controls are designed based on average of the last 24 hours and variable
called ‘Emission Peak’ is defined. If at any given point, the emissions exceed the average
of last 24 hours, it will be considered emission peak. Discharging mode will be turned on
if cooling is needed at that time. This strategy avoids using HP during both utility and

emission peak times, to assess the maximum grid emission savings.

Results and Discussion

The analysis is performed for one week of cooling season to report utility cost, electric
consumption, and carbon emission reduction. The indoor temperature was maintained at
20°C for cooling. For the simulated 7-day period, the grid emissions corresponding to the
HP electric consumption are compared for the cases with and without PCM TES. The

baseline system is defined as the case without TES.
1. Carbon Emissions

Figure 56 shows the grid emissions for both baseline and TES systems. The no-TES
baseline case resulted in 181.78 kg of CO. over the simulated week, while using the TES
system, emissions were 160.1 kgCO», reducing 11.92% grid emissions for the simulated
week. These savings were achieved by using TES to discharge during emission peak and

utility peak.
2. Electric Consumption

Figure 57 shows the HVAC electric consumption and the peak electric consumption
for both baseline and TES systems. TOU tariff for Fresno, CA is used for this study and
the on-peak pricing applies from Monday through Friday only, excluding weekends. For
the baseline system, where no TES was used, total electric consumption was 353.2 kWh,

and on-peak consumption was 98.1 kWh.
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For the system with TES, the total electric consumption was reduced by 10.19% to 317.2
kWh. TES on-peak usage was 48.8 kWh, which means 50.2% of peak load was shifted. In
our previous study [6], 87% of peak load was shifted to off-peak hours using TES under
TOU tariff. The present study also implements grid emissions-based controls and TES is

more frequently used in discharging mode than in previous study.
3. Operating Cost

The utility cost to cool the building is shown in Figure 58. Compared to baseline,
12.68% of system operating cost was saved using TES. The baseline system without TES
accumulated $112.52 for cooling during the simulated week, while TES accounted for
$98.25. In the previous study [6], 20% utility cost was saved using TES. The cost for the
present system has increased when additional emission-based controls were introduced. In
the control strategy, the emissions peak has precedent over the utility peak. Therefore, cost
savings are not as significant as was seen in the previous study when only cost peak was

considered.

182



120

ju—y
>
=]

\

-
f Baseline

" TES
P it

0 1 2 3 4 5 6 7
Time (days)

e
=

Sum Utility Cost (%)
=)
=

[
=]

=

FIGURE 58: UTILITY COST REDUCED USING TES.

183



CONCLUSIONS

The objective of this case study is to assess the carbon emissions reduction potential
of HP-TES using a rule-based strategy accounting for marginal grid emissions data and
time-of-use utility tariff. An HP-TES configuration was evaluated with an ice/water based
PCM coupled to the HP. A vapor compression model was developed using EES, and Excel
was used to compute results for the integrated HP-TES system. The analysis was performed
for one week of cooling season. The utility cost for cooling was reduced by 12.68% using
TES while also maintaining occupant comfort. The total electric consumption was also
reduced by 10.19% and 50.2% of peak electric load was shifted to off-peak time. 11.92%
of grid emissions were reduced by using TES during emissions and utility peak times
defined in the control strategy. The study concluded that while this configuration can still
create some economic advantage with a simple control strategy, controls should be further
optimized to reduce peak energy consumption. The analysis was performed for 7 days
only, and the results should not be extrapolated for annual savings. This work highlights

the potential for reducing grid emissions using a rule-based strategy.
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Annual Simulations

The focus of this work is on developing controls of TES integrated with HP, and
modeling the behavior of TES with HP. The preliminary work used a simplified heat pump
and building model to evaluate the HP-TES configuration, and reported preliminary results
based on a sub-optimal control strategy. The new model improves improve the controls,

and sub-models.

Overview

The model comprises of various components connected to the building and R-410a
vapor compression system (VCS). A PCM heat exchanger is integrated into the heat pump
to modify the vapor compression system and is transferring energy to and from the ambient.
Thermostat controls monitor the building indoor temperature. The marginal grid emissions
data and electric utility schedule controls the heat pump to heat or cool the building, and
charge and discharge the PCM. TMY 3 weather data is used corresponding to the

respective ASHRAE climate zone.

MATLAB flow chart

The building, Vapor Compression Heat Pump (VCHP), PCM-TES, and all the
operating modes are modular functions to be integrated in the MAIN file. The thermostat

controls are in MAIN file.

Figure 59 shows a simplified MATLAB flow diagram. The red arrows that are fed
back to the MAIN, refer to updated i+1 values. Tindoor and thermostat determine if the
system should call Cooling.m for primary cooling mode or Heating.m for primary heating

mode. A detailed flow chart is also shown in Figure 60.
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Thermostat model

Table 20 and Figure 61 shows the main indoor setpoint temperatures and respective
modes. We use a variable named Th-call that refers to thermostat call, i.e., whether the
thermostat is calling for heating or cooling. Th-call has 5 values,

e Th-call = 0 means cooling not needed

e Th-call =1 means cooling is needed

e Th-call = -1 means heating is needed

e Th-call = 10 means heating is not needed

e Th-call = -10 means auxiliary heating is needed

Th-call is determined by indoor temperature, Tindoor, and set point temperatures for
both heating and cooling modes. The operating modes for both heating and cooling are

separate functions and are determined by controls logic.

Figure 62 shows the models that were integrated into MATLAB for HP-TES analysis.
An existing validated building model provided by Cui et al. [212]-[214] as a python code
was integrated into the developed model as a MATLAB function. The HP and PCM model

functions were written in MATLAB.

Building Model

The preliminary model used a simplified building model to simulate the thermal
response of the building by calculating the indoor temperature. The reason for using
simplified model was to report the preliminary results by analyzing the HP-TES
configuration and developing control strategies for maximized cost savings and demand
reduction. The new model used equations from a validated RC building model by Cui et
al. [212]-[214] and implemented in MATLAB. The values for model were taken from
Jason et al. [215] and same values were used for all climate zones for the sake of simplicity

(shown in Table 21). Table 22 shows the buildings selected for this analysis.
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Table 20: Thermostat logic to trigger actions at Tindoor, Setpoint, and deadband.

Thermostat

Action

+Cooling Deadband

Cooling Setpoint

Cool until indoor temperature reaches cooling

Indoor Temperature

23°C Deadband
—Cooling Deadband
22.5°C
Cooling not needed
22°C
Repeat action from previous time step
21°C

+Heating Deadband

Heating not needed

20.5°C

Heating Setpoint

20°C

—Heating Deadband

Heat until indoor temperature reaches heating
Deadband
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Table 21: Building Thermal Energy Simulation Model Parameters

Simulation RC Variables

Variable Value [K/W] Variable Value [J/K] Variable [J/K]
Ruwall 0.0046 Cuwall 57142857 C1 0.666
Rattic 0.0114 Cattic 285714 C2 0.673
Rroof 0.0017 Cim 11428571 Cs 0.1
Rim 0.0034 Cin 4285714

Physical Building Characteristics
Variable Value Variable Value Variable Value
Fuwindow 0.25 [] Awindow 10 [m?] SHGC 0.25 [-]
Fwail 0.25[-] Clwall 0.5[-] QiHL 2000 [W]
Froof 0.5[-] Olroof 0.65 [-]
Table 22: Buildings selected for analysis.
Building Details Location (IECC Zone) Characteristics
Honda Smart Home Davis, CA (3B) Two story SF
1944 ft2
NREL Habitat for Humanity =~ Wheat Ridge, CO (5B) SF residential
1280 ft?
NIST (Net-Zero Energy Gaithersburg, MD (4A) SF residential
Residential Test Facility) 4165 ft?
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HP Model

A 2-ton HP is simulated in MATLAB using Coolprop. The basic vapor compression
model calculates the COP for cooling and heating from the evaporator and condenser
outputs and electric consumption by compressor. Equation 14 and 15 define cooling and

heating COP, respectively.
COF, = Qevap/M/comp (14)
Cop, = Qcond/VVcomp (15)

The outputs of HP model, Qevap from the evaporator and Qcond from the condenser are
called into the cooling and heating functions in MATLAB, where they are coupled to PCM-
TES depending on the operating mode. The thermostat model is used to control the VCS
and PCM state of use.

Operating modes

TES is integrated with HP in such a way that heat transfer is only mediated by HP and
TES does not have a direct interaction with building. In other words, TES aids HP operation
and is used as heat source or sink instead of directly conditioning the building. This
configuration can be referred as indirect HP-TES configuration.

Operating modes are illustrated with examples in Figure 63 and 64. There are total
eight operating modes (four in heating and cooling each) for our HP-TES system; Normal
operation, Standby operation, HP-TES Charging, and HP-TES Discharging. For
comparison, direct charging and discharging operations are shown as well.

Figure 63 shows HP-TES cooling operating modes. In the normal operation, HP
extracts the heat from building and rejects it to the ambient via VCC. In the HP-TES
discharging operation, HP rejects the building heat into TES instead of ambient. It
improves the HP’s coefficient of performance since TES is at lower temperature than the

ambient.
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The charging mode is activated when the cooling is not needed, often when the ambient
temperature is lower, the heat is removed from TES and rejected to the ambient. Figure 64
shows HP-TES heating operating modes. The operating mode vapor compression cycle is
reversed to heat the building. Now the TES assists HP for adding heat to the building from

ambient.

The energy flow is different in direct TES modes where TES is used to heat or cool
the building. Additional equipment is required to use TES. Indirectly coupling HP with
TES (as in this work), avoids the cost and complexity of adding new equipment for heat

transfer between the building and TES.

Configurations

Detailed configurations with vapor compression cycle (VCC) are shown for operating
modes with and without TES. In the normal cooling mode, building is the heat source and
ambient is heat sink (Figure 65). The building heat is removed through evaporator as Qevap
and rejected to ambient as Qcond Via condenser. The cycle is reversed in normal heating

mode, as shown in Figure 66.

The vapor compression cycle is modified to integrate TES. PCM-TES behaves as
evaporator or condenser. For charging cooling mode (Figure 67), evaporator is coupled to
PCM. Building is not involved in this mode, ambient is heat sink while PCM is the heat
source. For discharging mode (Figure 68), ambient is not involved, and PCM is the heat
sink.

TES Model

The HP vapor compression system is coupled to PCM via HX. An arbitrary salt
hydrate with melting temperature of 20°C is used as the PCM. The operating modes are
controlled by the PCM state of charge (SOC) which is a function of peak time, and indoor
temperature. The PCM operating modes are charging, discharging, and standby, and are

selected by control logic (upcoming section).
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The definitions of SOC for both heating and cooling modes are consistent with utility

perspective on electrochemical batteries behind the meter and are shown in Table 23.

Figure 69 shows the energy flow for each operating mode. The equations were driven
from this schematic for each mode and integrated into MATLAB functions.

A comparative analysis is performed for three cases as shown in Table 24. Base case
does not use any controls. Rule based control strategies for peak time are defined for the

other two cases.
For case 1, time-of-use utility data is obtained for each climate zone evaluated.

For case 2, in addition to time-of-use utility data, marginal grid emissions data is also

obtained, and both are implemented in the control strategy.

The utility data and grid emissions data corresponding to each climate zones will be

described in analysis section.
Electric consumption is calculated from each operating mode using equation 16,
Perectric = Qanu/COP (16)
Where, Qanu is the HP capacity, and COP of HP for all modes is defined as,
COP = Qanu/Weomp (17)

In normal cooling mode, evaporator is coupled to building and the condenser is

coupled to ambient. Since TES is not used in this case, Qpem is 0.

Tevap = Tingoor — AT (18)
Teona = Tamp + AT (19)
Qanu = Qevap (20)
Qpem = 0 (21)
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Table 23: Definitions of SOC

Mode SOC Meaning

Cooling 0 Fully discharged, i.e., full of energy (PCM liquified)
Cooling 1 Fully charged, i.e., empty of energy (PCM solidified)
Cooling <1 Charging

Cooling >0 Discharging

Heating 1 Fully discharged, i.e., empty of energy (PCM solidified)
Heating 0 Fully charged, i.e., full of energy (PCM liquified)
Heating <1l Discharging

Heating >0 Charging
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Table 24: Cases for comparative analysis

Base case

Case 1

Case 2

Without any controls

Utility peak time controls

Both utility peak time and
Emissions peak time controls
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The HP is off for cooling standby mode.
Qanu =0 (22)
Qpcm =0 (23)

In the cooling charging mode, TES is recharged and evaporator heat is removed from
TES. Condenser is coupled to ambient and evaporator is coupled to PCM-TES. State of
charge and PCM storage capacity are defined and rewritten at each time step.

Tevap = Tpem — AT (24)
Teona = Tamp + AT (25)
Qanu =0 (26)
Qpem = Qevap (27)
S0Cqt=i+1 = SOC@¢=i — Qevap@tzi * (AT) (28)
Epem = Epem(i-1) + Qpem (29)

In the cooling discharging mode, TES is used to cool the building via HP and
condenser heat is added to TES. Evaporator is coupled to building and condenser is coupled
to PCM-TES in this case.

Tevap = Tindoor — AT (30)
Teona = Tpem + AT (31)
Qanu = Qevap (32)
Qpcm = —Qcona (33)
S0Cat=i+1 = SOCar=i + Qcondg,.; * (AT) (34)
Epcm(t) = Epcm(t—l) - Qpcm (35)

In normal heating mode, evaporator is coupled to ambient and the condenser is coupled
to building. Since TES is not used in this case, Qpem is 0.
201



Tevap = Tamp — AT (36)

Teona = Tindgoor + AT (37)
Qanu = Qcona (38)
Qpcm =0 (39)

The HP is off for heating standby mode.
Qanu =0 (40)
Qpcm =0 (41)

In the heating charging mode, TES is recharged and condenser heat is added to TES.
Evaporator is coupled to ambient and condenser is coupled to PCM-TES. State of charge
and PCM storage capacity are defined and rewritten at each time step.

Tevap = Tamp — AT (42)
Teona = Tpem + AT (43)
Qanu =0 (44)
Qpcm = Qcond (45)
S0Cat=i+1 = SOCat=i + Qcondg,.; * (AT) (46)
Epem(t) = Epem-1) t Qpem (47)

In the heating discharging mode, TES is used to heat the building via HP and
evaporator heat is removed from TES. Evaporator is coupled to PCM-TES and condenser

is coupled to building in this case.

Tevap = Tpcm — AT (48)
Teona = Tindgoor + AT (49)
Qanu = Qcona (50)
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Qpcm = _Qevap (51)

SOC@t=i+1 = SOC@t:i - Qevap@tzi * (AT) (52)

Epcm = Lpem(i-1) — Qpcm (53)

Controls logic

For simplicity, controls logic is implemented in two steps. First, thermostat call is
determined for each mode in all three cases (Figure 70 and 71). Then State of Use of PCM
(SOU) is defined and operating modes are determined based on SOU. Base case controls
are simple since no PCM is involved. For the other two cases, utility and emissions peak
time are used to determined SOU (Figure 72 and 73).

Utility peak times are pre-defined in TOU rate schedule for both winter and summer
in each climate zone. Emissions peak is defined at each time step based on marginal grid
emissions (MGE) data. If the MGE value at a given time step exceeds the average of

emissions in past 24 hours, it is defined as peak.

Experimental Validation

We developed an experimental setup for HP-TES using the low-cost salt hydrate
PCM prepared at ORNL. The technology integrates phase change material with heat pump
(PCM-HP) to reduce demand in peak hours. It enables year-round demand flexibility,
energy savings and shortens payback period. A single PCM storage tank is used for both
heating and cooling modes in dual-mode heat pumps. TES is directly coupled with heat
pump and does not interact with building. PCM tank is used as either condenser or
evaporator depending on operating modes, and heat transfer is mediated by heat pump, as
shown in Figure 74. PCM is charged during off-peak hours, and it is discharged during
peak hours. The charge and discharge operations are automatically achieved by system

control.
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The proposed HP-TES can provide load shifting and improve system efficiency in
both cooling (summer) and heating (winter) modes. It is expected to achieve 50% demand
reduction for up to 4 hours in heating mode, a 35% demand reduction for 2 hours in cooling
mode and a 10% year-round efficiency improvement by favorably exploiting diurnal

ambient temperature swings.

Building RC Model

Multiple different structures exist for modeling the thermal dynamics of a building
zone. Among them, the resistance and capacitance (RC) network is a common and popular
subclass [216]. A RC model is a typical control-oriented grey-box model that can capture
adequate thermal behaviors of the system to keep its robustness under different operation
conditions [217], and it has been proven to be quite effective in predicting the thermal
response of buildings [218]. Many studies have identified the thermal parameters of an RC
network model for commercial [219] and residential buildings [220]. RC models have been
widely used for MPCs [219] since they can be developed in first-order differential
equations containing undetermined parameters and that can be easily transformed to a
discretized state-space model (SSM).

In this study, a control-oriented RC model was developed for room 104 in FRP
building. The schematic of the model is shown in Figure 75. This gray-box model is used
to predict the mean indoor air temperature (Tin). The model consists of four states: mean
indoor air temperature (Tin), mean north exterior wall temperature (Twan_n), mean west

exterior wall temperature (Twa_w) and mean internal thermal mass temperature (Tmass).

Exterior walls should be considered respectively according to their orientations
because the dynamic models of exterior walls at different orientations have different
forcing functions (differential equations) due to the changing position of the sun [221].
Therefore, the exterior building envelope was split into two parts based on their

orientations.
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The heat transfer in the building model is described using the following set of first-

order differential equations:

C: dTin(t) — Twatl N(E)=Tin(t) + Twatl w()=Tin () + Tmass(£)—Tin(t) + Tamp()=Tin(t) +

m dt Rwall_N Rwall_W Riass Ryin
QAC,air * CAC,air + QIHL,air * CIHL,air + Qsolar,air * solar,air (54)
C dTywau n(t) Tsoi,N (&) =Twau n(t) N Twall N()=Tin(t) 55
wall_N d - ( )
t Rwall_NZ Rwall_Nl
C dTwall_W(t) _ Tsol,W(t)_Twall_W(t) _ Twall_W(t)_Tin(t) (56)
wall w dt Rwall_WZ Rwall_Wl

ATmass(t) - _ Tmass(t)—Tin(t)

Cmass dt + QAC,mass * CAC,mass + QIHL,mass * CIHL,mass +

Rmass

Qsolar,mass * solar,mass (57)

where, Cin, Cwai_n, Cwai_w, and Cim are the equivalent overall thermal capacitances of
indoor air, north external wall (opaque wall), west external wall (opaque wall), and internal
thermal mass, respectively (J/K). Rwail_n1, Rwail_N2, Rwail_ w1, Rwai_w2, Rwin, and Rmass are the
equivalent overall thermal resistances of north external wall (opaque wall) part 1, north
exterior wall (opaque wall) part 2, west exterior wall (opaque wall) part 1, west exterior

wall (opaque wall) part 2, windows, and internal thermal mass, respectively (K/W).

Building internal mass includes interior partitions, furniture, and so on, and was
included in the models because it absorbs solar radiation passing through the windows
[222]. The building internal mass must be considered since its effect on cooling/heating
energy consumption and indoor temperature is significant. The total area of the internal
mass was assumed to be equal to the floor area, although the actual area of internal mass

may be larger.
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QinL is the sensible heat gain from indoor heat sources (W). Qcool is the sensible cooling
supply from the HVAC (W). Qsolar is the total solar radiation rate (W) transmitted through
the windows into the zone. These values were the measurements from the reference room
(i.e., room 104). Partial QiHL, Qcoor @and Qsolar Were transferred to indoor air directly, as
QiHL air, Qcool,air aNd Qsolar,air. The left part of Qinr, Qcool and Qsolar Were adsorbed by the
internal mass through radiation, as QiHLmass, Qcoolmass @nd Qsolar,mass. Cacair, CiHLair,
Csolar,air, Cacymass, CiHLmass, and Csolar,mass are the coefficients which are assumed to be
unknown and need to be identified by the search algorithm illustrated in the next sub-

section.

The effects of solar radiation on external walls (i.e., north and west walls) were
considered by calculating Tsoiw and Tsoi,n respectively, which are the sol-air temperatures,

shown in the following equations:

Iy (t)

Tsol,W = % + Tamp (58)
In(t)

Tsol,N = % + Tamp (59)

where Tamp is the outdoor dry bulb temperature (°C); hw and hy are the convective heat
transfer coefficients of the exterior surfaces of west and north external walls, respectively
(W/m?2-K); and Iw and Iy are the effective solar radiation absorbed on the exterior surfaces
of west and north external walls, respectively (W/m?) with absorption coefficients already
incorporated.

Two assumptions were made in the model: only sensible loads were considered, and

all the R and C parameters were assumed to be time-invariant.

Please note that, for simplification, the heat transfer effect from surrounding
rooms/zones (i.e., rooms 102, 103 and 105) were not considered initially and the indoor air

temperature values in those room were assumed to be unknown.
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1. Parameter identification

The searching process for the optimal values of the undetermined parameters (i.e.,
Cwall_N, Cwall_w, Cair, Cmass, Rwail_N1, Rwail_ N2, Rwan w1, Rwan w2, Rwin, Rmass, Cacair, CiHL air,
Csolar,air, Cacmass, CiHLmass, @nd Csolar,mass) 1IN the RC model is a nonlinear optimization
process. Given a set of parameters, the gray-box model can predict a Tin profile. An
objective function is used to evaluate the fitness between the results predicted by the RC
model and the measured indoor time temperature during the training period; details on the
training period are provided in a later section. The objective function Jgenchmark Of such

optimization is to minimize the root mean squared error (RMSE) as defined in Equation 60.

]Benchmark (CwallNr Cwallwl Cair: Cmass' RwallNli RwallNz' Rwallwl' Rwallwzf Rwin' Rmass:

N
Zi=1(Tin,real_Tin,RC)2
N-1

CAC,airr CIHL,airr Csolar,air' CAC,mass' CIHL,mass' Csolar,mass) = \/
(60)

where Tinrea IS the measured mean indoor air temperature from the reference room,

and Tinrc is the mean indoor air temperature predicted by the developed RC model.

The model development was written in Python. The parameters were identified using
the particle swarm optimization (PSO) method. PSO is a computational method that
optimizes a problem by iteratively trying to improve a candidate solution with regard to a
given measure of quality [214]. It solves a problem by having a population of candidate
solutions and moving these particles around in the search space according to simple

mathematical formulae over the particle’s position and velocity [223].

The model development was written and the PSO package was imported in Spyder
[224], which is a free and open-source integrated development environment for Python.
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Experimental setup with HP in FRP-2

The heat pump is a dual source (air source and ground source) heat pump (DSHP).
The cooling capacity of the HP is 2 ton. Hot or chilled water is produced through a brazed
plate heat exchanger for storing energy in the PCM HX. A fan coil in the hydraulic lines is

used for discharging stored energy in the PCM HX for space cooling or heating.

Various sensors are installed in the HP to measure the temperature, pressure, and flow

rates of air, water, and refrigerant.

Table 25 below shows the heat pump capacity and COP during heating mode or
cooling mode. DX means the heat pump only provides spacing heating or cooling,

Hydronic means the heat pump only provides chilled water or hot water for the PCM HX.

During the charging and discharging tests, the heat pump storage capacity varied with
time for each cycle, as shown in Figure 76 below. The discharging rate is 1-2 ton, the
average discharging rate is around 1.2 ton. The measured phase change temperature is
around 26-32°C for melting and 24°C for freezing (Figure 77). Figure 78 shows the
complete setup at ORNL.

PCM Heat exchanger and HP-TES integration

The PCM HX consists of a tank filled with the PCM and a plastic tubing network that
serves to transfer heat to the PCM. Hot or chilled water is produced through a brazed plate
heat exchanger for storing energy in the PCM HX. The coil of the tubing network is 23”
round by 30” tall. Total length of tubing is between 670-675 meters. Figure 79 shows the
dimensions of PCM-HX integrated with HP. Hydronic piping and setup is shown in Figure
80.

Total PCM volume in the PCM HX is 48 gal. The discharging rate of the PCM HX is
1-2 ton, the average discharging rate is around 1.2 ton. An SSD-SPDD salt hydrate PCM
was developed in lab. 34.2 w% sodium sulfate decahydrate [SSD], 60.8 w% sodium
phosphate dibasic dodecahydrate [SPDD], and 5 w% borax.
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Table 25: HP capacity and COP

H/C Compressor | Mode Source Entering | Heat Power | COP
Speed Temperature | air Capacity | (kW)
(F conditions | (KW)

Heating | High DX 50 73F, 30-19.0 1.6 5.7
35% RH

Heating | Low DX 50 73F, 30-|6.5 11 5.8
35% RH

Heating | High Hydronic | 51 73F, 30-|5.8 15 3.8
35% RH

Heating | Low Hydronic | 50 73F, 30- |44 1.1 4.1
35% RH

Cooling | High DX 50 70F, 30-1|6.0 0.9 7.0
35% RH

Cooling | Low DX 50 70F, 30-|46 0.6 8.0
35% RH

Cooling | High Hydronic | 49 70F, 30-|6.7 0.9 75
35% RH

Cooling | Low Hydronic | 49 70F, 30-|5.3 0.5 10.3
35% RH

Charging and discharging rates (ton)

3 12 16 20 24 28 32 36 40 44 48 52 56

—e—Dischargingrate  —e—Charging rate

60 64 68 72 76 80 84 88 92 96 100 104 108 112 116 120

Time (h)

Figure 76: HP Charging and Discharging rate.

212



Ex Charging  Discharging Charging  Discharging  Charging  Discharging

-----

ONBOBONDLD
AAAAAAANAN

Phase change

06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 30. Jan

Figure 77: Measured PCT using sensors.

Fan coil for
discharging
stored energy
for space
cooling or
space heating

Ground Source
Emulator

Figure 78: Experimental setup at ORNL.

213



Headers (1)

_ —

B |
Thermocouple
S

| - h - ‘White pipe: inlet
N Yellow pipe: outlet

Figure 79: PCM-HX integrated with DSHP.

o o Pump charging TES
4 HV2 " HVI
Outlet
« ) v v
Fan Coil A A
Supply
air HVT2
HV3  § Inlet
Hv-M4 | !
Pump discharging TES =3 o HVT3 L= ),
Pump3: discharging TES to the
| HVT | source side of HP

o Temperature sensor

o Flowrate sensor

PIY 3-way switch HV-M-1
valve >
2-way ball valve HV-M-3

Figure 80: Hydronic piping and data points.

214



Analysis

The analysis is performed on three climate zones for electric consumption, utility cost,
and grid emissions. Physical buildings for each climate are selected and hot and cold weeks
are analyzed. Three cases are analyzed using both utility and grid emissions data. Base case
does not include any controls. Case 1 is rule-based strategy defined by TOU utility schedule
only, while Case 2 is rule-based strategy defined by both TOU utility schedule and
marginal grid emissions data. Pareto charts are developed to compare controls. The charts
show percent decrease in peak utility cost and peak emissions in both cases.

Climate Zone and Input Data

Three climate zones were selected for analysis based on the data availability of
physical buildings. The building information was collected from Benchmark building
database by U.S. DOE [225].

TMY 3 weather data was used for all three buildings,

1. Honda Smart Home, Davis, CA.
2. NREL Habitat for Humanity, Wheat Ridge, CO.
3. NIST building (Net-Zero Energy Residential Test Facility, Gaithersburg, MD)

TOU utility rates were obtained corresponding to each location and are shown in Table

26. Marginal grid emissions data was collected from Watt Time for all three locations.

Figure 81 and 82 show grid emissions during winter and summer, respectively, for all
three locations. Figure 83 through 88 show ambient dry bulb temperature and utility rate
trend. Hottest and coldest day for each climate zone was plotted against utility rate. For a
hottest day in Baltimore, MD, utility peak also occurs when the ambient temperature is
high, and vice versa for the coldest day. However, in Sacramento, CA, utility peaks do not
correspond with the ambient temperature peak. This is a limitation of this study that
controls do not consider ambient temperature extremes while deciding when to charge or
discharge TES.

215



Table 26: TOU Utility Schedule

Location Utility TOU tariff
Tariff name On-peak rate Off-peak rate
(¢/KWh) (¢/KWh)
Sacramento, | Sacramento Time-of-Day (5-8 32.79 (summer') | 13.50 (summer?)
California Municipal p.m.) Rate 15.47 (winter?) | 11.20 (winter?)
Utility District
Golden, Xcel Energy Time-of-Use (TOU) | 28 (summer?) 11 (year-round)
Colorado 18 (winter?)
Baltimore, Baltimore Gas Residential delivery | 13.31 (Year 2.58 (year-
Maryland and Electric and energy time-of- | around) round)
Company use - electric
schedule RD
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Figure 82: Representative MGE Data for Winter in all locations.
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Figure 83: Ambient Weather and Utility Rate on the coldest day in Baltimore
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Figure 84: Ambient Weather and Utility Rate on the hottest day in Baltimore
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Figure 85: Ambient Weather and Utility Rate on the coldest day in Sacramento
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Figure 86: Ambient Weather and Utility Rate on the hottest day in Sacramento
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Figure 87: Ambient Weather and Utility Rate on the coldest day in Golden
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Figure 88: Ambient Weather and Utility Rate on the hottest day in Golden

220



Analysis on Baltimore, MD

Baltimore is a heating dominated climate. The analysis was performed for winter
typical and winter extreme weeks for both cases. The charts show average percent decrease
in peak utility cost and peak emissions in both cases. Figures 89 and 90 show the results
for winter typical and winter extreme respectively. For typical week, the case with both
MGE and TOU controls was promising as it decreased maximum emissions by 33% and
cost by 58% (only average values shown in chart). The TOU only case saves cost at similar

percentage, but emission savings are much lower.

Analysis on Golden, CO

Golden is also a heating dominated climate. The analysis was performed for winter
typical and winter extreme weeks for both cases. Figures 91 and 92 show percent decrease
in peak utility cost and peak emissions for winter typical and winter extreme respectively,
in both cases. For winter typical week, the case with both MGE and TOU controls saved

emissions (35%) by a huge margin as compared to the case with TOU controls only (10%).

Analysis on Sacramento, CA

Sacramento is a mild climate zone and analysis is performed for both winter and
summer extremes. Figures 93 and 94 show comparison for peak utility cost and peak
emissions during extreme week of summer and winter in Sacramento, respectively. Since
the utility peaks and ambient weather extremes do not align in this case, TES may be used
for charging during the times when cooling or heating demand is high. This leads to
increased electric consumption as compared to base case. Emissions were increased as

compared to base case for summer.
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Figure 89: Control Strategy Comparison for Winter Typical week in Baltimore
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Figure 90: Control Strategy Comparison for Winter Extreme week in Baltimore
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Figure 91: Control Strategy Comparison for Winter Typical week in Golden
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Figure 93: Control Strategy Comparison for Summer Extreme week in Sacramento
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Conclusions

This work developed a full-scale HP-TES prototype and bridged the experimental
gap in HP-TES research. The prototype validated the MATLAB model and demonstrated
the cost, energy and grid benefits for selected phase change temperature (PCT) and storage
capacity. The demand, energy and cost analysis were compared to the reported results from

HP-TES simulation for optimized PCT and storage capacity.

The PCM-integrated heat pump was designed to achieve the targeted load shift
capabilities. An existing high efficiency heat pump was selected and sized based on the
building load and performance. Off-the-shelf PCM was used in the TES tank. The PCM
heat exchanger was sized based on the shifted load to achieve required demand reduction

and coupled to heat pump.

Discussions

HP-TES research has only garnered attention in the past decade. The reason that
HP-TES integration is not widely adopted is that it’s still difficult to quantify the
technology cost and benefits without global metrics and standards for TES selection,
design, and evaluation. Furthermore, the research already conducted on HP-TES is mostly
based on simulations and very few works present an experimental analysis on both heating

and cooling systems.

Ermel et al. [226] highlighted the complexity of integrating TES with HP in their
systematic review on performance of air source heat pumps integrated TES. Integrating
PCM-TES with HP can be challenging as energy storage materials are manifold and depend
on application. It is important to select a suitable material, packaged in an optimized
container and configuration to manage the thermal loads and heat transfer, and to overcome
the low thermal conductivity of PCMs. Furthermore, controls strategies are needed to

develop and optimized for grid-interactive buildings, and heat pumps’ demand response.

This work focused on evaluating configuration and controls for HP-TES.
Developing controls for a new technology is challenging especially when the literature is
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not sufficient, and data is not readily available. The configuration we studied for HP-TES

was new and there were not many systems available to compare it against.

HP-TES provides degree of freedom as compared to conventional HVAC system
in both hardware design and controls choices. But exploring all these possibilities to model

HP-TES becomes challenging and complex as all these decisions need to be made.

There are number of possibilities that can be explored to couple TES with existing
hardware components, avoiding the installation of new equipment which can be costly and
takes up more space. We provided a review on configurations to focus on HP component
integration and configuration choice was a major portion of this research. Furthermore,

choices were made for HX size, PCM size, and phase change temperature.

For the control choices, decision to charge and discharge TES could depend on
number of factors such as weather forecast, utility rate forecast, and grid emissions
forecast. We explored rule-based strategies with different data sets and climate zones which
led to divergent result scenarios. A more comprehensive review on controls optimization

could be included in future studies.

Finally, thermostat was main part of the model, and all the controls were integrated
with thermostat to avoid additional equipment and to mediate the heat transfer via HP.

There are number of possibilities to model thermostat behavior as well.
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DISSERTATION CONCLUSIONS

A novel TES system is integrated with an existing residential air source HP. Research
focuses on controls and configurations to reduce residential building's energy consumption,
consumer cost, carbon emissions, and peak energy consumption associated with HP
heating and cooling applications. Since HP space conditioning contributes to half of the
buildings’ energy consumption, it exacerbates demand issues. This work will contribute to
the development of a framework for commercialized HP-TES and policies to reduce peak

energy demand and carbon emissions of utility grids.

We used active configuration where HP is integrated with PCM-TES to mediate the
heat transfer. TES is not directly coupled to the building to provide air conditioning but
coupled to VCS, behaving as heat sink or source for HP. Rule-based control strategies were
used to shift the peak loads and emissions. A single TES is used for both space heating and
cooling of system and parametric analysis showed that 20°C was the best PCT for most

climates, yielding up to 70% peak demand reduction.

A limited number of studies have been conducted on HP-TES and no standards have
been developed for comparing them. No comprehensive experimental system has been
investigated in literature that addresses all aspects of HP-TES, including controls,
configurations, and performance. In addition, no simulations have compared different
climate zones. A simulation-based system is developed and experimentally validated for a
single-family residential building to fill this gap. We investigate the impact of control

settings and configuration on performance in different climate zones in the US.

This work aligns with DOE's goals to decarbonize and reduce demand by 2030.
Commercialized HP-TES are expected to have a much broader impact on the research
community as well as consumers. Residential homeowners will benefit from HP-TES'
flexible installation, enabling them to use existing HP equipment for controls with a

minimal footprint, while reducing installation and consumer costs.
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Summary

This work presents an HP-TES system with a focus on configurations, controls, and
coupling of HP-TES using single PCM for both heating and cooling in different climates.
An analysis is performed to compare the utility cost, electric consumption, carbon

emissions, and peak demand savings.

A review on HP-TES configurations showed that Active HP-TES improves energy
storage and can provide up to 80% demand reduction through real-time charging and
discharging. The utility cost savings for active HP-TES depend on the type and size of
TES, TES location within an HP, and utility tariff, and energy savings highly depend on
the climate and TES application. The financial viability of active HP-TES is higher in

cooling-dominated climates with higher peak electricity prices.

We reviewed suitable PCMs for HP-TES system. The optimum demand impact and
energy savings were reported for salt hydrate PCMs with phase change temperature

between 15 and 27 °C integrated via air distribution system of the heat pump.

Economic implications case study showed the potential of ice-based HP-TES. For a
case study where hottest week analysis was performed on Fresno, CA, the total energy used
to cool the space was reduced 14.5% when TES was used. The on-peak energy usage was

reduced by 87.5%, and the cost to the customer was reduced by nearly 20%.

Preliminary annual simulations were performed on HP-TES MATLAB model and
optimized PCT of 20°C and EPCM of 170 MJ was determined through a parametric
analysis. Those optimized parameters were used further in detailed simulation model which
was validated through experimental prototype. Controls were compared for demand
reduction and decarbonization. The analysis showed that the emissions and peak utility
cost reduction was more promising for the control strategy where both MGE and TOU

peak time controls were implemented.
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Broader Impact

This work presents an active HP-TES for buildings using a novel indirect
configuration. Active HP-TES allow use of already established equipment and provide
configuration flexibility. The indirect configuration provides control flexibility and user
can decide when to charge or discharge TES depending on factors like ambient weather,

utility peak time, and indoor temperature.

This work aligns with DOE’s 2023 goals of demand reduction and decarbonizing
buildings. HP-TES is gaining popularity among researchers and overall research trends are
improving. This work will get more visibility in research community and will contribute

significantly to the literature since not much work has been accomplished in this area.

The broader impact of this work has been estimated via policy and entrepreneurship
projects. A summary is illustrated in the Figure 95. The impact and benefits are reported in
three categories, economic, technical and non-economic. The benefits are in comparison
to the baseline which is a conventional heat pump or air conditioning system with no TES

and no DR controls.

An initial market analysis was conducted through ICORPS program for customer
discovery. The findings also dictated some of the research plan for this work. Some of the

key findings are summarized here:

e Design/Consulting Engineers are critical influencers for the uptake of storage. As
more research is being done in TES, with better demonstration of improved results
and performance, people will be more likely to adapt the up-to-date technology
with more reliability.

e Value proposition is relatively higher for customers with extended periods of off-
peak energy load. Residential customers living in relatively extreme weather

locations tend to benefit more from TES.
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e Daily demand and cost benefits are predominant in mixed humid and dry climates

due to large fluctuations in diurnal temperature.

e Regions with high energy demands and higher electricity prices can offer higher

cost savings by taking advantage of time-based utility tariff.

e Consumers are more inclined towards TES in regions where utility providers offer

rebates on investments and generation compensations.

e Payback period and system size are important factors to consider. Some of the TES

systems are costly to install and require complex programing for controls.

e TES configurations and materials’ temperature can be optimized to maximize

savings.

e Many customers may consider other cooling options in the near future as the phase
out of ozone-depleting refrigerants intensifies. A grid emissions analysis can play

a role for better environmental policies implementation.

Being a selected innovator in the 2022 cohort for IMPEL (Incubating Market-
Propelled Entrepreneurial-Mindset at the Labs and Beyond) program by Lawrence
Berkeley National Laboratory (Figure 96), business model was developed for this work. A
market adaptation plan was also developed by participating in DOE Jump into STEM
program by Oak Ridge National Laboratory (Figure 97). Both programs concluded that

commercializing such systems will benefit both consumers and utilities.
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Future Work

HP-TES are gaining popularity among researchers; however, much work remains to
be investigated. HP-TES technology with greater flexibility presents research opportunities
in materials, configurations, and controls: novel TES materials can be developed to
increase energy storage density, many configurations can be explored to reduce installation
complexities and TES footprint, and TES operation can be optimized through controls for
demand response in grid-interactive buildings to offer greater energy and demand reduction
potential.

Retrofit technologies are needed for a rapid transition to HP-TES. Integrating TES
with HP can be challenging from design and control optimization perspective. TES with
suitable properties is needed to accommodate the building’s thermal load and is packaged
in a suitable HX for heat transfer optimization. The PCT of the material and storage
capacity needs to be optimized for maximum energy, cost, and DR benefits. Furthermore,

control strategies need to be developed for smart integration with the grid.

This work evaluated a novel configuration to use TES indirectly for space conditioning
in residential buildings. There are many possible configurations to explore and analyze, as

well as the controls need to be more sophisticated.

This work numerically investigated only rule based control strategies for single family
residential buildings using air source HP. More detailed simulations are needed that
evaluate different building types, and different HP with variable speed compressor.

A salt hydrate PCM with 20°C phase change temperature has been used in this study
and the experiments are performed for single climate zone. For future work, PCM model

and HX can be improved.

More comprehensive review papers are needed for HP-TES to compare controls, HP,

and building types in different climate zones.
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APPENDIX

Appendix A: HP-TES configurations review
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Appendix B: Alabama case study analysis
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Payback Period

Cost of TES System

_ $
= Payback year * |Year Savingcyscomer +Wyear

$

* Energysaving,year + YWh * Peak reducation,year
peak,year

$

s The dollar value for reducing the total energy consumption

This will equate to the rebate’s provided by the government.

$
kWhpeak

= The dollar value benefit to utilities for reducing peak demand

Using monthly savings for utility customer only: The cost of TES system to have a 5
years payback period in Alabama should have a capital cost of $840.75 for a 92 MJ unit.
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Appendix C: HP Analysis on California Case Study
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Appendix D: HP-TES Technoeconomic Analysis
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Figure 118: Grid Emissions of Winter Extreme week in Baltimore, MD
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Figure 119: Electric Consumption of Winter Typical week in Golden, CO
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Figure 120: Utility Cost of Winter Typical week in Golden, CO

276



160

Emissions (kg CO2 / kWh)
— - —
o 'S = [ =) %Y =
s = S & & S =

>

LR

— o ——Baseline
) / //_-/ —TES (TOU)
L~ —TES (TOU MGE)
,’/

3

4 5

Time (Days)

Figure 121: Grid Emissions of Winter Typical week in Golden, CO

Figure 122: Electric Consumption of Winter Extreme week in Golden, CO
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Figure 123: Utility Cost of Winter Extreme week in Golden, CO
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Figure 124: Grid Emissions of Winter Extreme week in Golden, CO
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Figure 125: Electric Consumption of Summer Extreme week in Sacramento, CA
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Figure 126: Utility Cost of Summer Extreme week in Sacramento, CA
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Figure 127: Grid Emissions of Summer Extreme week in Sacramento, CA
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Figure 128: Electric Consumption of Winter Extreme week in Sacramento, CA
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Figure 129: Utility Cost of Winter Extreme week in Sacramento, CA
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Figure 130: Grid Emissions of Winter Extreme week in Sacramento, CA
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Ph.D. has taught me patience, perseverance, and purposefulness!!

It led me to question myself, my existence, and my passions. | am so many things

today that I wouldn’t be without my doctoral program.

I didn’t know this when I took a flight from Islamabad, Pakistan to join Bredesen
Center (7430 miles to be exact) on July 26th, 2018. “Brutal yet beautiful” sums up my
journey. I still remember the despair because of loneliness, the anxiety because of imposter
syndrome, and the numbness from often burning myself out. But | also remember the

excitement and enthusiasm of new experiences and achievements.
While adjusting to a new life, | found many amazing learning opportunities.

From the very first day, | was interested in exploring practical solutions to use my
work beyond the scientific world. | took many courses to increase my knowledge about
policy, science outreach, and entrepreneurship. Participated in programs and even won
awards. From getting best student paper nominations to being awarded a 2023 UTK
volunteer of distinction, | want to credit all of my achievements to my most amazing

advisor for his guidance, and kindness.

As of May 2023, | am interviewing a clean energy consultancy company as an Energy
Analyst. | hope to continue creating a broader impact through my work, as a researcher, as

a writer, and as a future mentor.

The things | am truly passionate about, Ph.D. has taught me this too!!
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