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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 tem-
perature (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 an 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 M]J storage capacity allowed for maximum demand shift from on-peak to
off-peak hours, with diminishing returns once the TES capacity equaled the daily building thermal
loads experienced during the most extreme ambient conditions.

Keywords: thermal energy storage; heat pumps; phase change material; peak demand; phase change
temperature; storage capacity; residential buildings
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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.
40/). peak period of electricity use [2,3]. As of 2020, 75% of the homes in the United States use
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central air conditioning [4]. Since space conditioning loads comprise about half of the total
building’s load [2], residential buildings present an opportunity to reduce peak energy
demands by managing a building’s heating and cooling demand and can relieve stress on
the electric grid during peak times by shifting the peak loads [5-8].

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 [2]. According
to the report [2], 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 [9]. As a result, oversized heat
pumps (HPs) are essential for regulating humidity and temperature inside the house. Al-
though renovating the house or fully upgrading the conventional heating, ventilation, and
air conditioning (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 capabili-
ties of HPs and TES can be combined by integrating these technologies. This integration
allows the use of already-established 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 are the most common in the literature, whereby
TES charging and discharging occur according to one or more uncontrolled independent
variables such as ambient temperature and PCM melting temperature. Passive TES may
provide energy and cost saving benefits, but they pose challenges such as complex installa-
tion, 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 [11-16]. 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 allowing them 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 [10].

1.2. 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 [17-22]. HP-
integrated active TES—where TES has been coupled to or installed in HP components such
as an evaporator or condenser [23-28]—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 [10] pointed out that researchers have shown
energy savings of 9-62% when using TES, but the PCM temperature and storage varies in
each study [10].

A particularly promising active HP-TES configuration by Dong et al. [23] 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 [29]. Various approaches that choose the PCT
can be found in the literature to maximize their performance for space conditioning in
buildings. Waqas et al. [29] argued that PCM temperature selection should be close to
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the comfort temperature of the chosen climate location. Medved and Arkar [30] studied
passive cooling for continental climates and found the PCM with a melting point equal
to the average temperature of the hottest month was the most appropriate choice (i.e.,
20-22 °C). Waqas and Kumar [31] demonstrated optimum PCM storage unit performance
by selecting a PCM with the melting point equal to the comfort temperature of the hottest
month for free cooling.

A single PCM unit for heating and cooling was analyzed for the subtropical humid
climate of Islamabad, Pakistan, which experiences large variations in summer and winter
temperatures [32]. 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 dropped drastically 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 [32].

Passive PCM-TES is proven in the literature to be effective for space cooling, but for
the climates with less significant diurnal or annual temperature variations, passive systems
may not be beneficial [29,32].

PCM temperature optimization has been studied by various researchers and is briefly
discussed in Table 1. The table summarizes the range of PCTs used in each paper, with the
optimized PCT for the respective application. Notably, PCM is mostly used passively and
is integrated in the building envelope.

Table 1. Literature review on PCM temperature optimization.

References PCM Material and Optimized PCM (Sill\n/[ﬁig’gggl-%%}sle d Application and PCM
Melting Range Temperature . Integration
Studies)
[33] HOIE;ZS(Z)I;? CI;CM 29 °C (cooling) Numerlca(léf)nergyPlus PCM-enhanced envelopes
Bio PCM 25 °C (cooling) . In building envelope
[34] (2025 °C) 20 °C (heating) ConFD in E+ coupled to HVAC
n-Octadecane PCM o . In wall coupled to HVAC,
[35] (22-32°C) 28 °C (cooling) Temperature controlled, E+ benchmark cubic model
Microencapsulated PCM
o . o . L . § direct integration in
o OWLpmERIOM Gl OptmisatonssghT i enciop (e
surface of the exterior
walls and roof)
Various bio PCMs 25 °C (cooling) Optimized PCM Various configurations
[37] 8 P 8
(21-29 °C) 21 °C (heating) performance in E+ with integration in wall
Knauf PCM, 30% 25-25.9 °C Ten scenarios in four Building envelope coupled
[38] microencapsulated paraffin (coolin ) climates, E+, to HVAC with controlled
(23-26 °C) & shifted peak demand ventilation for charging
Paraffin with EG and Double layer PCM
[39] polyethylene 27.5 °C (cooling) Tﬁﬁésagﬁatcgﬁgsgfr Trombe wall
1.(2045 °C) 16.5 °C (heating) optimization PCM1: heat insulation
2.(5-30 °C) P PCM2: preservation

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 [33-42].

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 [10], where even small TES can provide savings in peak energy.
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1.3. 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
included performing 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 the economic value of
the system.

e  Using single PCM for both heating and cooling for an active HP-TES and determining
the optimum phase change temperature and storage capacity.

2. Materials and Methods

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 monitored the building’s indoor
temperature and implemented rule-based controls based on a fixed TOU pricing schedule.
The HP-TES system was modeled using MATLAB.

The TES consisted of an arbitrary PCM; the PCT did not correspond to any specific
PCM. The TES only interacted 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, which can be 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) [43]. Each of these geographical locations requires summertime cooling and
wintertime heating, but the amount of each varies.

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.

2.1. 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 it
to PCM-TES. The TES was assumed to have an infinite heat transfer coefficient and was
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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 1 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 1a, where the building was cooled with
VCS acting as conventional air conditioning system [24]. The VCS evaporator cooled
the building air, and the condenser dispersed the heat into the ambient air. A positive
temperature gradient allowed the VCS to transfer heat between the building and the
ambient. A similar positive gradient is illustrated in Figure 1c, representing a baseline
system for the primary heating mode. The increasing width of arrows indicates added heat.
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Figure 1. Comparison of temperature gradients for baseline and TES cases. (a). Baseline system for

b. Discharging - Cooling

primary cooling mode. (b). Discharging via TES for primary cooling mode. (c). Baseline system for
primary heating mode. (d). Discharging system for primary heating mode.

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 1b
shows the TES-assisted cooling, where the condenser was coupled to the colder temperature
of the TES [24]. 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.

2.2. 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, dis-
charging 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 are 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 (Qcong) 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 the 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 the 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 the
discharging operation.

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
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into the ambient. In the charging heating mode, the PCM operates as the condenser and
absorbs Q.ongq through the latent heat of melting.

2.3. Component Models

The total model was a collection of submodels that operated together to maintain
indoor building temperature at comfortable levels at each 1-min time step of the simulation.
Figure 2 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.

Building
Heat Load <= Thermostat Outputs
Inputs Model « Cumulative Electrical

-IL-JltnllT Of[-)UtS ; Energy Consumption
Tl\;l\l(g - t 1 * On-Peak Electrical
Weather Data Energy Consumption

Heat Pump - TES Storage » Consumer Cost
VCS Model Model

Figure 2. Operation flow chart showing the submodels and direction of information flow.

2.3.1. Weather Data

Typical meteorological year (TMY3) data was used for this analysis [44]. This TMY3
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 a 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
would then also generate higher benefits.

The climate locations studied were Birmingham, Houston, and New York City, corre-
sponding to ASHRAE climate zones 3A (mixed humid), 2A (hot humid), and 4A (mixed
humid), respectively [43]. These are the representative climate zones from both cooling- and
heating-dominated regions and should have different performance affected by the weather.

Figure 3 shows the average ambient dry-bulb temperature during each month for all
three locations.

2.3.2. 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 provide greater information on 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 2
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.
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Figure 3. Average dry-bulb temperature.

Table 2. Electric utility rates.

TOU Tariff Non-TOU Tariff
Location Utility . On-Peak Rate Off-Peak Rate .
Tariff Name (¢/kWh) (¢/kWh) Tariff Name ¢/kWh
Birmingham, Alabama Power Residential Time 27.0 (summer 1) 7.0 (summer 1) Standard Rate 12.48 (summer 1)
Alabama Advantage 9.0 (winter 2) 7.0 (winter 2) Plan 12.23 (winter 2)
Free Mornings 3 g EveryDay |
Houston, Texas Gexa Energy and Nights 12 24.5 (year-round) 0 (year-round) EveryNight 12 20.3
Rate
. II—Residential 1 1 Rate 1
Ne}l?, Yo§k Cklty, ConEdison and Religious— 40.1 (sur.mmer2 ) 1.5 (sur‘nmer2 ) [—Residential 14.6 (sur'nmer2 )
ew Yor Voluntary 14.5 (winter <) 1.5 (winter <) and Religious 12.7 (winter )
Time-of-Day

! June-September; 2 October-May.

2.3.3. 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, Ttgs. The model was simplified
to assume that Teyap and Tcong were equal to Trgs 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 glide and
zero super cooling were assumed [45,46]. The glide and supercooling were neglected for
simplicity. However, while the idealized PCM used in this study allowed for simplified
modeling to focus on the impact of controls, there are limitations of the current model.

A recent study [47] evaluated the energy saving and demand reduction potential of
HP-TES configuration and compared the performance of ideal and realistic PCMs. The
analytical analysis used ideal PCM and an HP with 5 K approach temperature, while a
numerical analysis used real PCM and a more realistic HP model using ORNL’s Heat
Pump Design Model (HPDM). A commercial refrigeration cooling was compared as an
example. For 20 °C Ttgg, 40% demand reduction and 25% energy savings were achieved
using ideal PCM and an HP with 5 K approach temperature; while in the real PCM and
HPDM numerical analysis case, 40% demand reduction and 20% energy savings were
reported for the same Ttgs of 20 °C.

Demand savings were unchanged but a 20% decrease in energy savings was observed
in the real PCM case as compared to the ideal PCM. We expect a similar difference for our
PCM model.
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The TES stored the thermal energy desirable for the primary space conditioning mode,
which defines the state of charge (SOC). 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 being fully frozen (zero usable thermal energy), and 1 indicates that it is
fully melted (full of thermal energy).

Table 3 explains the SOC in different modes. During the discharging cooling mode,
the TES acts as a heat sink for the HP, and TES SOC increases, thus melting the PCM.
During the discharging heating mode, the TES acts as a heat source for the HP, and TES
SOC decreases, thus solidifying the PCM. During the use of TES, if energy storage capacity
is reached, the system will default to normal mode operation.

Table 3. Operating mode examples.

Primary Mode

Conditions to Satisfy for Operating Mode

- Operating Mode
Tindoor(i—1) Peak Time SOC

Primary Cooling

Discharging cooling
Yes >0 Tevap = Tindoor
>23.5 Teond = TtES
(thermostat calls for cooling)

Normal cooling
No Any Tevap = Tindoor
Tcond = Tambient

(thermostat does not call for cooling)

Charging cooling
<235 No <1 Tevap = Tres

Tcond = Tambient

Normal heating

<225and T; T amb(i
s and Ipal > L amb(i) Tevap = Tambient

(thermostat calls for heating) No Any

Tcond = Tindoor

All other times Standby

Primary Heating

(thermostat does not call for heating)

Charging heating
No <1 Tevap = Tambient
<19.5 Teond = TtES
Normal heating
No Any Tevap = Tambient
Tcond = Tindoor

Discharging heating
Yes >0 Tevap = TTES

cond = Tindoor

>19.5 and <20.5
(thermostat calls for heating)

Normal cooling
Tevap = Tindoor
Teond = Tambient

>20.5 and Tbal < Tamb(i)

(thermostat calls for cooling) No Any

All other times Standby

2.3.4. Thermostat Controls

The thermostat was 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
were 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 the indoor set point temperature, the system operated in
primary cooling mode for that month. Otherwise, the system defaulted to primary heating
mode. This step was only for convenience and did not impact the results. For the main
controls to determine TES operating modes, daily values were considered, and the indoor
temperature was rewritten for each minutely time step.

The building set point temperature and dead band for the primary cooling mode
were 23 °C £ 0.5 °C and 20 °C + 0.5 °C for the primary heating mode, respectively, 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
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to cool. If the indoor space needed to be heated during this mode, the TES would not be
used, and the system would only use the normal heating mode. The same was true in the
primary heating 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 controls decision tree in Figure 4, if neither cooling nor heating was
needed during off-peak time, and the TES SOC < 1, the charging mode was activated.
During peak time, TES was discharged until SOC reached 0.

Step 1: Determine Step 2: Determine
Primary Mode Operating Mode

Yes

Monthly
Tambavg ==
Tspc-2

No

Check Peakl1me| | Check SOC |

Cooling.m Yes Yes
Timary Cooling » TOU >0 Discharging Cooling
Standby
No
»  Normal Cooling
Yes
»< Tamb < Thal ves ,]J Normal Heating
No
‘r]l Standby
Yes Yes Yes
W Charging Cooling
No
No

Standby

A

Heating.m

Yes Yes
»{ Tamb > Thal ;{ Normal Cooling

No N
| Standby

Figure 4. Controls decision tree.
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Table 3 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). Tj,go0r 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.

2.3.5. 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.

Ohe = Q(Tevap) X b x C(Tevap/ Tcond) 1)
In Equation (1), the parameter a curve fits the density of saturated R410A vapor at the
compressor suction, according to Equation (2):

@(Tevap) = (305571378 + (1.02160466 x Texap) + (00138446344 x T2, ) ) (2)

evap

The parameter b normalizes the operation of the HP such that 7.5 kW of cooling is
achieved with Teyap =0 °Cand Tongq =35 °C:

7.5
~30.58 ®)

The parameter c accounts for the increase in vapor mass fraction quality entering the
evaporator during isenthalpic expansion. The approximate specific heat, cp, is 1.5 ] /(g-K)
and enthalpy of vaporization, AHg, for R410A approximately 220, as shown in Equation (4)
to normalize parameter c:

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

c (Tevapr Tcond) =1- 4)

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 (1), 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 T,nq and
Tevap were either the indoor temperature, TES temperature, or ambient temperature—as
decided by the thermostat model and the operating mode.

2.3.6. Building Model

The building model was simplified to focus on HP-TES configuration. A simple,
single resistor and single capacitance (1R-1C) building system were used for calculating the
thermal loads on the building [24,48]. The heating and cooling of the building were based
on daily TMY data for the individual climate regions. The resistance values were calculated
based on building loads by analyzing prebuilt building models in each climate zone from
EnergyPlus [49]. The value for a typical 2500 ft> detached single family home in the United
States was assumed as overall heat transfer coefficient: namely, UA = 0.11 kW /K. The
building capacitance, Cy,;14, was calculated using Equation (7) with the balance temperature
of 15 °C.

The heat load on the building from the ambient was calculated simply using the build-
ing UA and the difference between balance point temperature and ambient temperature at
time 7.

Qbuilding,i = UA X (Tamb,i - Tbalance) @)
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The building indoor temperature was set as 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)
X

Touilding,i+1 = Thuilding,i — dt (6)

Cpuild

Cpuita = m*Cp x dt @)

Humidity was not considered in this model. Future analysis may improve on this
building model by taking it into account.

3. Results

The PCT and TES storage capacity (Epcy) were varied parametrically to evaluate their
effect on utility cost, electric consumption and peak consumption for a year. PCT was
varied from 5 to 45 °C and Epcy from 5.56 to 47.2 kWh (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 are plotted separately. Baseline is the case where no TES was present, and
the system operated as a conventional air source HP system.

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 2. The utility costs were the
only energy consumption charges associated with space conditioning. This study excluded
connection and base service charges.

3.1. Birmingham, Alabama

Birmingham is in ASHRAE climate zone 3A (warm and humid climate). Figure 5
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 equaled 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 32-35 °C was the
average ambient temperature during summer peak hours, and discharging TES for cooling
at 32-35 °C was expected to be equivalent to or worse than the baseline. As PCT further
increased, there was a penalty to discharge the system when TES became even hotter than
the ambient; that is, when the TES consumed more energy than the baseline. Hence, TES
was not 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.
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Seasonal Energy Consumption during Peak Hours
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Figure 5. Birmingham results for peak energy consumption.

Figure 5 shows seasonal results. Throughout the year, using a single PCM with 20 °C
PCT and TES with 47.2 kWh (170 M]J) 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 6 shows summer and winter energy consumption associated with space condi-
tioning 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 M]J). During
summers, at 20 °C, the smallest TES consumed more energy than the baseline. This in-
crease was because of the suboptimal rule-based control strategy, which did not account
for ambient temperature in charging mode decision-making. TES was charging even when
it was hot outside, and that reduced 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 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 tem-
peratures because Birmingham is a cooling-dominated climate. The ambient temperatures
were not as extreme for frequent unfavorable charging, and even 70 M] TES in this case
could fulfil the heating demand at 35 °C PCT.

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 kWh (120 MJ) was 5.4% (2036 kWh/year baseline vs.
1925 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 studies.
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Figure 6. Birmingham results for energy consumption.

The heating and cooling cost of the integrated HP and TES system in Birmingham is
shown in Figure 7. 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 meant an increase in utility payment. For winters, the off-peak price was
greater than in summers; thus, the savings were more significant.

200
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180

160

140

120 - TES Heating

100

= 2T 0 Epcy: 20MJ

80 4 Baseline Cooling - TOU AEpcy: 70 MJ
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Phase Change Temperature [°C]

Figure 7. Birmingham results for utility cost.

Figure 7 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
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Seasonal Energy Consumption during Peak Hours
[kWh/yr]

off-peak TOU rates were less than the standard rate (non-TOU) in winters (Table 2). 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 ¢/kWh).

Figure 7 shows seasonal results. Total annual results are not shown. The annual TES
cost was $141/year (a saving 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.

3.2. 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 8 shows the results for electricity consumption during peak times for winter
and summer (as defined by the utility tariff). Winter months were when the winter TOU
tariff was active (October-May), and summer months were those 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 M] storage capacity for both cases. TES was not effective when
PCT was far from these values.

TES Heating i 0 Epen: 20MJ
» A Epcy: 70 MJ
O Epcar: 120 MJ
0 Epcy: 170 MJ

TES Cooling

5 10 15 20 25 30 35 40 45 50
Phase Change Temperature [°C]

Figure 8. New York City results for peak energy consumption.

Figure 8 shows seasonal results optimized at different PCT and Epcy for winter and
summers. The annual results were calculated by performing parametric analysis for the
whole year and finding the PCT and Epcy 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 kWh (170 M]J) 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 1344 kWh/year.
Compared to the baseline, 717 kWh/year energy consumption was shifted from on-peak to
off-peak hours.
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Figure 9 shows seasonal energy consumption associated with space conditioning
against PCT for different TES sizes. Cooling energy savings were both insignificant—
0.98%—and achieved only with a PCT of 20 °C, while heating savings (6.9%) were achieved
with PCT 30 °C, both at an energy storage capacity of 170 M]. For heating, TES energy
savings were observed when the PCT was between 25 and 35 °C. It was unfavorable to use
TES otherwise.
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Figure 9. New York City results for energy consumption.

The maximum annual energy savings (not shown in figure) for New York City were
approximately 3.9% (2675 kWh/year vs. 2785 kWh/year) with a PCT of 30 °C and energy
storage capacity of 47.2 kWh (170 MJ).

Figure 10 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 M] Epcy 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 Epcy. 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.
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Figure 10. New York City results for utility cost.

3.3. Houston, Texas

Houston is a hot, humid climate zone, categorized as 2A. In these plots, winter was
November through March, and summer was April through October, as defined by historical
average climate in Houston [50].

Figure 11 shows peak energy consumption during winter and summer for Houston.
The notable cooling energy savings were observed at PCT 20 °C and Epcy 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 with
PCT increased at far beyond these values.
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Figure 11. 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 1120 kWh/year without the TOU tariff. Energy
consumption of 531.9 kWh/year was shifted from on-peak to off-peak hours.

Figure 12 shows seasonal results optimized at different PCT and Epcy for winter
and summer. The minimum annual energy consumption (not shown in figure) was
1816 kWh/year with a PCT of 20 °C and energy storage capacity of 47.2 kWh (170 M]J). For
the baseline case, energy consumption was 1848 kWh/year. Annual energy savings were
observed only when the PCT was between 20 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.

2000

1800

1600 TES Cooling

O Epcn: 20MJ
A Epcy: 70 MJ
O Epenit 120 MJ
0 Epcait 170 MJ

Baseline Heating

Seasonal Energy Consumption [KWh/yr]
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Phase Change Temperature [°C]

Figure 12. Houston results for energy consumption.

Figure 13 shows the seasonal heating and cooling cost of the integrated HP and TES
system in Houston. Maximum TES savings were achieved using 170 M] 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 the same as for 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 2).

Figure 13 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 13. Houston results for utility cost.

4. 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 14 shows monthly total energy consumption for all three locations. The min-
imum 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.
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Figure 14. Electric consumption.
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In a previous study [24], 20% energy savings were achieved by using similar control
strategies and configuration to those used 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 [24] 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 the daily diurnal temperature swing is larger than the
difference between indoor and PCM temperature.

The annual results are shown in Table 4 and Figure 15. 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 the high heating load.

Table 4. Annual results summary.

PCT E Total Annual Energy Total Annual Utility Total Annual On-Peak
Locati PCM Consumption Reduction Cost Saved Energy Shifted
ocation
Q) o)) (kWh/year) (%) ($/year) (%) (kWh/year) (%)
Birmingham, AL 20°C 120 MJ 110.5 54 111.0 439 365.2 70.5
New York, NY 30°C 170 M]J 109.6 3.93 177.4 489 717.5 53.3
Houston, TX 20°C 170 M]J 32.3 1.75 231.1 474 531.9 474
80%
70%
_ 60%
N
=z 50% — —
§ 40% EBirmingham, AL
E 30% New York, NY
é’ OHouston, TX
20%
10%
00/0 -  —
Annual Cost Savings Annual on-peak Annual Energy
Load shifted Consumption
Reduction

Figure 15. Summary of annual results for all three locations.

Energy savings were highly dependent 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.

We only analyzed PCT from 0 to 45 °C with a resolution of 5 °C, and this is a limitation
of this study. If the optimum lay between 20 and 25 °C, for example, that would not 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
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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.

5. 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 equaled 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 resi-
dential 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 analyzed in this work, but in 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 PCM is used and
a range of PCTs is analyzed 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 such as ambient temperature and
diurnal swing.
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