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ABSTRACT

Electric heat pumps are a promising solution to decarbonize building heating by using renewable power and replacing
existing fossil fuel based heating technologies. However, with the large-scale deployment of heat pumps, it is
important to develop energy storage solutions to store renewable electricity and dispatch it when the generation is low,
but the demand is high. This paper presents a system-level simulation of an air-to-water heat pump integrated with
thermal energy storage for building heating. We coupled a validated quasi-steady thermodynamic model of the heat
pump and a reduced-order transient model of a phase-change thermal storage module. We calculate the round-trip
efficiency of the TES-integrated heat pump operating in the peak shaving mode using different TES materials for a
representative commercial building. The performance of the proposed system showed a 26.67% reduction in the peak
heating load in cold climates and the total electrical energy consumption for design day heating reduced by 4.8-11.5%.
Our analyses show that a TES temperature close to the supply air conditions leads to a higher round-trip efficiency.
Therefore, selecting a TES material based on its energy density (kJ/kg or kJ/m?), phase-change temperature, and cost
is crucial to successfully implementing these systems. The configuration of TES-integrated heat pumps and the heat
transfer design of the TES module will be essential to reduce the peak heating energy demand and emissions and help
buildings interact with the future electricity grid with a high fraction of renewable power.

1. INTRODUCTION

Space and water heating dominate the total energy consumption in buildings globally, amounting to almost 50% of
the total consumption. In addition, fossil fuels (natural gas, propane, fuel oil) still meet more than 60% of this
requirement. (IEA, 2022). Electric heat pumps are a promising solution to decarbonize building heating, and their
deployment is increasing. Simultaneously, the fraction of renewable sources in our total energy generation and
consumption is also increasing globally. Rapid adoption and deployment of renewable power are critically dependent
on energy storage technologies because of the intermittent nature of solar and wind sources. Commercial and
residential buildings can play an important role in limiting emissions from energy consumption.

The demand for heating in many buildings fluctuates asynchronously with renewable power generation, particularly
solar photovoltaics. For instance, the heating demand in residential buildings is the lowest during the daytime and
increases during the night and early morning hours. Commercial buildings also observe peak loads during early
mornings when they need to be heated rapidly before the building users start occupying them. Moreover, operating
heat pumps in cold climates can be challenging due to poor efficiency (or coefficient of performance, COP) at very
low ambient temperatures. Thermal energy storage (TES) systems are one type of energy storage that can be employed
in a distributed manner in buildings and enable energy storage during off-peak durations (low demand) and release at
peak hours (high demand). TES systems can also help lower the capital cost of heat pumps by reducing the overall
system size and providing ancillary benefits such as enhanced building energy efficiency and resiliency through
interaction with a highly renewable grid (Mehling & Cabeza, 2008).

Several researchers have evaluated the performance of integrating active latent TES with air conditioning technologies
(Moreno et al., 2014; Pardifias et al., 2017). In general, active thermal energy storage systems utilizing phase change
materials (PCMs) for latent energy storage are ideal for various climates (Y. Meng et al., 2021; Sultan et al., 2023).
TES can be implemented in different operating modes, including load-shifting and load-shaving. Peak shaving allows
greater operational flexibility with reported peak shaving values of even more than 50%; however, it generally comes
at an increased cost of energy consumption during charging (Bruno et al., 2014).
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Past research shows that the development of heat pump and TES models with adequate detail is crucial to analyze the
performance of the combined system (Bordignon et al., 2024). Detailed models of heat pump systems based on field-
data measurements and simulating flow and transient heat transfer physics at high spatial and temporal resolutions are
very accurate but unsuitable for system-level analysis and parametric studies. Thus, many researchers have utilized
idealized models using Carnot efficiencies or through curve-fitting field performance data (Hirschey et al., 2023;
Sultan et al., 2023). These models can only be used to demonstrate the potential of ideal configurations or available
commercial heat pumps, and are not suitable for estimating expected performance over a wide range of operating
conditions. Moreover, limited research is available on integrating a realistic TES model with an overall heat pump
simulation.

This paper presents detailed first principles based thermodynamic cycle model of an electric air-source heat pump
(ASHP) coupled with a latent thermal energy storage (TES) module. The heat pump supplies hot water for building
heating. We examine the peak-shaving and energy-saving potential of three different phase change materials using a
round-trip coefficient of performance (COP). The TES model is a reduced-order transient heat transfer model that
allows us to capture the effect of important material properties, including latent heat and phase-change temperature.
We analyze the performance of the proposed system for a representative commercial building in very cold climates of
the USA and estimate the potential of peak load shaving and energy savings.

2. METHODOLOGY
Figure 1 shows a schematic of the TES-integrated ASHP system. The heat pump supplies hot water for building
heating. The hydronic loop couples the ASHP with the TES and the application (building). The direction of water
flow through the TES module depends on whether the TES is being charged or discharged, which depends upon the
hour of day (peak or off-peak hour). Finally, the room-side heat exchanger (application) supplies heat from the
incoming water to the room air. We model the heat pump as a quasi-steady system using MATLAB® (The MathWorks
Inc., 2022). We assume that the transient heat transfer effects are limited to the TES module only.

2.1 Model Inputs

2.1.1 Weather data and building load profile

We provide hourly weather data for the design heating day to our model. For this simulation, weather conditions at
the beginning of the hour are assumed to remain the same until the start of the next hour. Our analysis mainly concerns
using heat pumps in moderate to very cold climates. For this analysis, we selected Chicago, USA, and used Typical
Meteorological Year (TMY3) weather data (NSRDB, 2022). We selected the coldest day of the year as the “design
day” (Mitchell & Braun, 2012). Figure 2 (a) shows the hourly ambient temperature for the design day.
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Figure 1: Schematic of ASHP with integrated phase-change TES module
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Figure 2: Heating design day ambient temperature for Chicago, USA (TMY3) and the load profile for a medium-
office building normalized to 40 kW peak load

The next input to our model is the hourly building heating load profile, representing the thermal load that the
ASHP+TES system must meet. We used published building load data for a “medium office building” in Chicago,
USA (Wilson et al., 2022). The energy consumption data for thermal end-uses was filtered from the total energy
consumption data and was processed using the reported heating conversion efficiencies (fossil fuel furnaces, district
heating, ground-source heat pumps, electric heat pumps, etc.) to obtain an aggregated heating load profile for the
design day (Figure 2(b)). We normalized the load profile to a peak load of 40 kW, and a representative floor area of
929 m2 (10,000 ft?). We designed the TES-integrated ASHP to operate at 5% above the average building thermal load
on the design day, i.e., 29.32 kW (8.34 TR). The extra 5% capacity will ensure that the load is met at all times of the
design day. When the instantaneous thermal load is lower than this fixed ASHP output, the TES module stores the
excess heating and discharges it during peak hours when the building load exceeds the fixed ASHP capacity. For the
peak load of 40 kW, the fixed ASHP output of 29.32 kW represents a peak shaving of 26.7%, provided that the TES
module can store excess energy and discharge it at a sufficient rate to meet the loads.

2.2 Systems-Level ASHP Model

We developed the thermodynamic model of the TES-integrated ASHP system in MATLAB®. We used the following
simplifying assumptions:

(a) Steady-state operating conditions in the heat pump cycle.

(b) Negligible pressure drops in all heat exchangers.

(c) Isenthalpic expansion of the refrigerant in the throttling valve.

(d) 5°C of superheating and subcooling in the evaporator and condenser, respectively.

(e) No heat losses in any component of the system.

(f) Negligible auxiliary power for pumps and fans.

(g) The closest approach temperatures (CATS) of all water-cooled and air-cooled heat exchangers are set to 10°C
and 5°C, respectively.

(h) TES module operates at a best-case CAT of 1.5°C.

(i) No sensible heat is exchanged in the TES module, i.e., it always remains at the PCM transition temperature.

Based on commercial heat pump specifications, we used R32 refrigerant in the simulation and use REFPROP® to
determine refrigerant properties (Lemmon et al., 2018). We set the compressor to operate at a single speed with a fixed
isentropic efficiency of 72%. The methodology for heat pump simulation is adapted from the chiller model developed
by Bhattacharyya and Goyal (2024). We establish the energy balance equations for each component, with the outlet
state of one component becoming the inlet state of the downstream component. The initial assumptions of CATSs in
different components allow us to completely define the thermodynamic state of the refrigerant at the condenser outlet
and evaporator inlet. Using superheating/subcooling and the compressor efficiency, coupled with standard heat pump
rating conditions (AHRI, 2023), we estimate the condenser and evaporator heat transfer rates and overall heat transfer
conductances and the system COP.
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2.2.1 Validation of baseline ASHP model

We validated the thermodynamic model of the ASHP described in the previous section using field data reported by
Gibb et al. (2023). Their work included field performance data of various ASHPs at low temperatures (between 0°C
and -30°C) in countries with a predominantly cold climate. For 2,760 measurements of the COP of approximately 550
systems, the average COP was 2.74 for temperatures between 5°C and -10°C. Our model predicted the average COP
for the same temperatures to be 2.91, marginally higher than the reported value (by 6.2%).

2.3 Integration of TES and the operation scheme

2.3.1 System configuration

For this study, we consider the TES module to be a standalone tube-in-tank type heat exchanger, as presented by Meng
and Zhang (2017). The TES module is connected to the room-side HX and the hydronic loop of the ASHP. The tank
is filled with a PCM which can melt (charge) or freeze (discharge). PCMs have a high phase-change enthalpy, making
them a preferred choice for TES systems. (Osterman & Stritih, 2021). The overall schematic of the system is shown
in Figure 1. This configuration provides flexibility in buildings with space constraints because the TES module can
be a drop-in addition to the overall HVAC system.

2.3.3 TES control scheme

There are two main schemes of TES operation: load shaving and load shifting. We chose the load-shaving scheme
because it allows for a relatively smaller TES module size and different operating modes for greater operational
flexibility. In this configuration, the ASHP operates at a set output heating value (29.32 kW), irrespective of the
thermal load to be met by the system. During off-peak hours (when the building thermal load is less than the ASHP
output), excess thermal energy is used to melt the PCM in the TES module and charge it. During peak hours, the flow
of water through the TES module is such that it absorbs thermal energy from the module, freezing it and, therefore,
discharging the system. During peak hours, the thermal load is met by the combined output of the ASHP and the TES.

2.3.4 Mathematical Modeling

We implement standard rating conditions from AHRI 550/590 standard for water-cooled condensers during the
discharging mode of the system (AHRI, 2023). The mass flow rate of the condenser water is set to 2.62 kg s*. The
temperature of the water leaving the condenser is fixed to Tecm + 2.5°C (non-standard value) during the first time step
of the charging and a constant temperature of 45°C (within the expected range for standard ASHP operation) during
discharging. Since the ASHP (condenser) heat output is fixed, the water temperature at the inlet of the condenser is
calculated. In the TES module, we assumed a minimum approach temperature (CAT) of 1.5°C for the water leaving
the module, during both processes. This CAT gives the best-case temperature of the water leaving the module,
representing the maximum possible heat transfer rate in the module. This best-case water temperature, in conjunction
with the water temperature at the condenser outlet, is used to find the log-mean temperature difference (LMTD) in the
module, and hence the maximum possible overall conductance (for charging and discharging), using Equation (1):

Qmax = UArgsmaxLMTD 1

Here, Q,,q, is the maximum possible heat transfer rate from the TES module during the charging and discharging
processes, depending on the hour of the day. During charging, the maximum possible heat transfer rate is the difference
between the fixed condenser output and the minimum heating load at any instant during the charging process. On the
other hand, during discharging, the maximum possible rate of discharge is the difference between the fixed condenser
output and the maximum heating load on the system at any instant during the discharging process. This maximum
possible heat transfer rate may or may not be achievable in the TES module depending on the amount of stored thermal
energy relative to the maximum storage capacity (state of charge, SOC). Therefore, we use a time-dependent decay
function to calculate the actual heat transfer conductance (UAtes) based on the instantaneous state of charge (SOC)
and the previously calculated maximum conductance from Equation 1. The time-dependent UA functions for charging
and discharging are given by Equations 2 and 3, respectively:

—ak )
UAcp, = UAchmax{1 — SOC[1 — e Ten [}

~tdis 3)
UAais = UAgismax SOC e Tdis
Here, t.; is the time instant during charging and t, is the time constant based on the total charging duration (number
of off-peak hours). Similarly, t,;s and 74;, represent the time instant during discharging and the time constant based
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on the total discharging duration. The overall heat transfer conductance values obtained using the above procedure are
then used to find the actual heat transfer rate Q,.+,4; In the TES at any instant during the charging or discharging
process:

Qactual = UAch/disLMTD 4)

The available heat transfer rate (Q4uqi1a10) iS defined as the difference between the ASHP output and the thermal load
at any given time. The final heat transfer rate (innaz) in the TES is the minimum of two heat transfer rates: Qqyqiiapie

and Qactual'

In the supply side HX, the temperature of the air entering and leaving the HX is assumed to be at the setpoint
temperature of the room (35°C), and using a fixed water temperature difference of 7°C, the inlet and outlet water
temperatures are calculated. At the end of the simulation, we calculate the round-trip COP, which is defined based on
the total heating output and energy consumption for the day, and compare the total compressor power use for the day.

3. RESULTS AND DISCUSSION

3.1 Benchmarking of TES-integrated ASHP system

This section explains how the ASHP-TES system was benchmarked against baseline ASHP systems without TES.
The weather and load profiles shown earlier were used to run the baseline simulation at a room setpoint temperature
of 21.12°C. The corresponding supply temperature of the air in the application is fixed at 35°C. The water supply
temperature in the application heat exchanger corresponding to this supply air temperature is calculated to be 45°C.
These values are representative of real systems, ASHP testing standards, and field data (Johnson, 2013).

For a design day simulation, we recognized that a fixed-capacity ASHP could not track the variable heating load
perfectly. We implemented a duty-cycle-based control scheme that turns off the compressor at certain times of the
day. These points are then designated as ‘compressor-off” hours. These hours are excluded in the final calculation of
the total energy consumption, yielding a more realistic COP estimate. Using this method, we obtained a round-trip
COP of 2.30 for the baseline system. The lowest and highest values of the instantaneous COP for this system were
2.44 and 2.17, respectively.

3.2 Heating design day analysis

3.2.1 Selection of PCM

The choice of the PCM dictates the peak demand reduction and energy-saving potential of the system. Hirschey et al.
(2023) recommended keeping the PCM transition temperature as close as possible to the application temperature for
maximum energy savings. During charging, the heat pump must supply heat at a temperature that is higher than the
PCM transition temperature, which is generally higher than the application temperature. Thus, compared to the
baseline system, the power consumption increases and the COP decreases during charging. In addition to the transition
temperature, the phase change enthalpy and mass density of a PCM are also important factors in selecting an
appropriate PCM. These two parameters directly influence the volume of the TES module when placed on-site.
Paraffin wax is a common material for hot TES and is readily available in a variety of compositions, making it possible
to study and choose a suitable transition temperature. Thus, we choose n-Tetracozane (Tpcm = 50.6 °C) as a material
for our first analysis (Alva et al., 2017).

3.2.2 Peak shaving fraction and energy savings

Figure 3 compares the performance of the TES-integrated ASHP system with the baseline system throughout the day.
Figure 3(a) shows different heat transfer rates in the two systems, and Figure 3(b) shows the variation of the input
compressor power and the COP. Implementing a duty-cycle-based operation scheme for the baseline system (without
TES) meant that the compressor automatically turned off at certain hours during the day. This is shown in Figure 3.
While the total compressor energy consumption has reduced by 9.30% using TES (331.62 kWh, down from 365.6
kWh), the average COP has also reduced to 2.13 from 2.30. This is because the system supplies heat at a significantly
higher temperature throughout the day and operates continuously, unlike the baseline system, which uses a duty-cycle-
based control scheme. Building load profile and the peak shaving fraction significantly affect the total energy savings
and COP of the TES-integrated ASHP.
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Figure 3: (a) Heat transfer rates for TES-integrated and baseline ASHP, (b) hourly compressor power and COP

3.3 Effect of PCM transition temperature
We studied the effect of the transition temperature of the PCM on the overall system performance (Figure 4 and Table
1). We selected three different paraffin wax-based PCMs: n-trikozane, n-tetracozane, and n-hexacozane corresponding
to transition temperatures (Tpcm) Of 47.5°C, 50.6°C, 56.3°C, respectively. Figure 4(a) shows the total power
consumption using three different PCMs. The distinction between the charging and discharging phases is also shown.
Figure 4(b) shows the variation of the COP throughout the day.
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Figure 4: Effect of PCM transition temperature on system performance (a) total power consumption, and (b)
COP

Since we set a constant water discharge temperature at the condenser outlet during discharging, the power consumption
and COP values are independent of the PCM. During the charging phase, the energy consumption is directly
proportional to the transition temperature because the water discharge temperature at the condenser outlet is 2.5°C
above the PCM transition temperature. Thus, even though the system shifts the same amount of energy into the PCM,
it must do so at a higher temperature, leading to higher energy consumption by the compressor and reduced COP
values. The round-trip COP values obtained for the three different materials are 2.18, 2.13, and 2.04 (in the order of
increasing PCM transition temperature). While these are all lower than the baseline value of 2.30, the total compressor
energy consumption is lower than the baseline energy consumption by 5.2-11.3%. However, if the total compressor

energy consumption during the peak hours (TES discharging) only is considered, it is reduced by 26.67% for all three
PCMs.

Table 1: Effect of PCM transition temperature

PCM Transition Total Compressor Energy )
PCM Temperature - Tecm (°C) Consumption (kKWh) Round-trip COP
n-trikozane 47.5 323.42 (J11.54%) 2.18 (15.22%)
n-tetracozane 50.6 331.62 (19.30%) 2.13 (17.39%)
n-hexacozane 56.3 331.62 (14.78%) 2.04 (111.30%)

4. CONCLUSIONS

In this work, we developed a thermodynamic model of a TES-integrated ASHP system for peak-load shaving for building
heating. We studied the load-shaving characteristics and energy consumption of three different PCMs and compared to
a baseline system without TES, using real weather and thermal load data. We show a peak-load shaving value of 26.7%.
The use of TES reduced the peak electric power consumption by 26.28%. The total energy consumption by the
compressor reduced by 4.78%-11.54% for the simulated materials. The round-trip COP of the baseline system for the
design day is estimated at 2.30, higher than the TES-integrated ASHP system, which varied between 2.04-2.18 as the
PCM transition temperature was decreased. Our analyses show that the

Our model can be used for annual simulations to evaluate the energy-savings potential and economic feasibility of
TES-integrated electric heat pumps for residential and commercial buildings in different climate zones. It would also
allow for detailed parametric studies to study the effect of multiple variables, such as heat pump configurations and
TES materials, and develop appropriate control schemes, and enable more intelligent design of systems for grid-
interactive buildings. Future work includes analyzing the building typologies that would benefit the most from
adopting TES with heat pumps and optimizing the PCMs.

NOMENCLATURE
T temperature (°C)
UA thermal conductance (W/m-K)
0 heat transfer rate W
t process time instant (s)
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T process time constant (s)
Subscript
PCM phase change material
ch charging
dis discharging
max maximum
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