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ABSTRACT

The utilization of integrated heat pump thermal energy storage (HP-TES) systems for space conditioning applications
can reduce electrical power demand and achieve utility savings resulting from peak shaving and load shifting.
However, issues arise when the energy required to recharge the TES exceeds the shifted energy demand, especially in
extreme climates where high-temperature lifts between the outdoor air conditions and phase-change materials (PCMs)
during recharing may occur. In this work, a single room-temperature (22°C) PCM-TES is integrated into a single-
speed heat pump system using a secondary hydronic loop where the TES is recharged using the outdoor unit during
off-peak hours. Three recharge strategies were investigated as potential pathways to reduce recharging power demand:
(i) considering different heat source/sink temperatures, (ii) using a variable-speed compressor, and (iii) using a
variable-speed pump. Simulations were conducted using Modelica for HP-TES recharging at different heat source/sink
temperatures from -30 — 20°C in heating mode and 0 — 30°C in cooling mode. Results show that the most effective
recharge demand reduction strategy is an HP-TES system using a single-speed compressor with a variable-speed pump
for the hydronic loop run at preferable heat source/sink temperatures when the temperature lifts were reduced.
Utilizing a variable-speed compressor for the HP-TES system reduced recharge time in extreme cases at the cost of
additional compressor power input. The findings motivate potential control strategies that minimize recharge energy
and maximize peak energy savings, hence reducing overall operating costs and annual energy consumption for HP-
TES systems for space conditioning applications.

1. INTRODUCTION

In recent years, there has been an effort to electrify space conditioning (heating and cooling) in the US, resulting in
5% annual increases in space cooling energy consumption (IEA, 2021). With building space conditioning, water
heating, and refrigeration representing around 50% of building energy consumption, there have been significant
research efforts to utilize thermal energy storage (TES) with heat pumps (HPs) to curb growing strains on the electrical
grid at peak hours (US Dept. of Energy, 2020). Current research efforts look into developing integrated systems, using
ground-source heat pumps (Benli, 2011; Shi et al., 2021, 2022), air-source heat pumps (D’Ettorre et al., 2019; Ermel
et al., 2023), and pre-cooling/heating air before entering the space conditioning heat exchangers (Chaiyat &
Kiatsiriroat, 2014; Hai et al., 2022; Said & Hassan, 2018).

To assess the feasibility of HP-TES in the US, Sultan et al. (2023) conducted a techno-economic study looking at the
suitable phase-change material (PCM) temperatures for different climate zones, using a rule-based-control strategy.
The optimal PCM temperatures were 20°C and 30°C for cooling- and heating-dominated regions respectively. To
maximize savings, HP-TES systems can reduce overall utility costs and annual energy consumption if optimal control
strategies are applied. D’Ettorre et al., (2019) conducted sensitivity analyses for an HP combined with a sensible TES,
utilizing model predictive controls on the system, looking at system challenges like lower outdoor temperatures, and
heat loss from the TES. The authors found a maximum cost savings of 8%.

Nonetheless, the studies mentioned above do not highlight the challenges that come with recharging the TES system.
Shi et al. (2022) simulated the TES system consisting of encapsulated phase-change materials and water combined
with a ground-source heat pump and found that the required recharge time is at least twice the discharge time.
However, their work does not discuss the implications of this issue in terms of the recharge energy demand or potential
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impacts on the electrical grid. A subsequent study conducted shows that model predictive controls can be used to
slightly lower the total annual energy for this system, and maintain indoor thermal comfort conditions, again without
detailing the effect on the recharge energy and duration requirements (Shi et al., 2024). While HPs are considered the
most efficient way to recharge TES (Li et al., 2020), it is important to consider all aspects of HP-TES operation during
the recharge hours to ensure that both annual cost and energy savings are possible, without artificially creating another
peak period during the recharge hours.

In this paper, we utilize transient Modelica simulations to analyze the increase in the recharge energy requirements of
HP-TES at extreme climate conditions to compare the total recharge energy to the energy shifted during peak hours.
Transient simulations in Modelica were utilized to investigate strategies that may reduce the required energy and time
for TES recharge. Strategies include using variable-speed water pumps, and compressors, along with identifying the
most suitable heat source and sink temperatures to discharge and recharge the TES. Using this analysis,
recommendations can be made on how to operate the HP-TES to target cost and energy savings, ensuring that the
recharge energy does not strain the grid, creating another peak period.

2. METHODOLOGY

2.1 System Description

The proposed HP-TES system consists of a 4-ton (14.1 kW) dual-purpose (heating and cooling) air-source R410A
heat pump, where a TES system using a single room temperature PCM with a mid-point phase-change temperature of
22°C is integrated using a secondary hydronic loop which connects to the primary HP through a plate heat exchanger
(Figure 1). The HP-TES system is designed to discharge for 2 hours during the utility peak targeted for all ASHRAE
US climate zones 1 — 8, the hottest to the coldest zones where the system is applicable. When the TES is discharged,
the TES interacts with the indoor coil, serving as the heat sink in cooling mode and the heat source in heating mode.
During TES recharge, the operation is reversed such that the TES is the heat source in cooling mode (solidifying the
PCM) and the heat sink in heating mode (melting the PCM) via the outdoor heat exchanger (HX).
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Figure 1: Dual-purpose operation for (a) baseline HP, (b) HP-TES discharge mode, (c) HP-TES recharge mode

2.2 HP-TES Modeling

The system was modeled using an in-house Modelica library (Qiao et al., 2015). The indoor and outdoor microchannel
heat exchanger (MCHX) coils were modeled using three control volumes (CVs): (1) refrigerant CV, (2) wall CV, and
(3) air-side CV. The model considers that the heat flow goes from the refrigerant CV, through the wall CV, to the air-
side CV. The refrigerant CV solves the transient conservations of mass and energy equations. The two-phase
refrigerant heat transfer coefficients were obtained from the Shah (2017) correlation for evaporation and Shah (2019)
for condensation. The Dittus & Boelter, (1930) correlation was used to compute the single-phase refrigerant heat
transfer coefficients. The air-side CV accounts for the total wall and fin surface areas, fin efficiency, and
dehumidification rates, per tube, assuming that the wall and fin temperatures are uniform. More details about the
MCHX can be found at Dhumane et al. (2021) and Qiao et al. (2015).

The baseline HP single-speed scroll compressor was modeled using a manufacturer-specified 10-coefficient
compressor map and the Dabiri & Rice (1981) correction. Finally, the electronic expansion valve (Figure 2) was
modeled using a variable orifice controlled using a PID controller from the Modelica Buildings Library (Wetter et al.
2014), and setting the superheat at 5 K.
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Figure 2: Electronic expansion valve model in Modelica

The hydronic secondary loop consists of (i) a single-speed water pump, (ii) the water-to-refrigerant PHX, and (iii) the
thermal battery. The single-speed water pump power was calculated assuming a pump efficiency of 70%, and a fixed
water mass flow rate was used to ensure that the water temperature change was 5 K (Equation (1)).
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Figure 3 shows how the PHX and thermal battery were represented in Modelica. The PHX model lumped all the
channels and plates into the refrigerant control volume used in the MCHXs and a water control volume (Figure 3(a)).
The correlations used for the refrigerant-side heat transfer coefficient correlations were Focke et al. (1985) for single-
phase refrigerant and Yan et al., (1999) for two-phase refrigerant. The waterside CV heat transfer rate is calculated
using Equation (2).
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Figure 3: Representation of (a) PHX and (b) thermal battery in Modelica
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The thermal battery (Figure 3(b), utilizes the same water CV used in the PHX. In this case, the thermal battery uses
9.5-mm outer diameter tube-fin HX, where the heat transfer coefficient was determined using the Dittus & Boelter,
(1930) correlation. The PCM side was modeled using a resistance-capacitance approach (Cao & Faghri, 1990;
Dhumane et al., 2019). The resistance component of the model contains the heat transfer side of the model shown in
Equation (3), where k is the PCM thermal conductivity, and L is the half distance between adjacent HX tubes.

: kI Qo (VS —0D)? + (HS —OD)?
Qpen = E A%eg,j (rwall,j _Twater,j—l) L= \/ 5
j=1

The capacitance (energy storage) side utilizes PCM-specific DSC curves to compute enthalpy as a function of PCM
temperature; separate curve fits were made for melting and solidification. Once the enthalpy is calculated, the PCM
discharge rate can be computed based on the change of enthalpy with respect to time (Equation (4)).

@)
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The capacitance and resistance components are connected using a HeatPort component from the Modelica
Standard Library (2013).

2.3 Load-Shifting Scenarios and Impacts

Before addressing recharge mitigation strategies, it is important to understand the different load-shifting scenarios.
The first step is to calculate the required energy for the baseline HP, the HP-TES discharge, the recharge energy, and
the energy saved during the peak as per Equations (5) and (6), where the baseline unit energy is computed considering
the compressor power with the indoor and outdoor fans. In some heating mode cases, backup heating energy (COP =
1) must be considered at low outdoor temperature applications when the HP cannot meet the rated 4-ton (14.1 kW)
capacity. In discharge (recharge) mode, the outdoor (indoor) fan is disconnected and replaced with pump power from
the secondary loop. The energy saved is the difference between the energy input for the baseline HP and HP-TES
(discharging) during the peak.

t=t; . . .
Ebaselme peak — j (Wcomp fan,out +Wfan in backup)dt Wbackup = Qrated - Qbaseline (5)

t=t;
Edlscharge _[ (\Ncomp +Wfan in +Wpump)d

t=t;
recharge J- (\Ncomp fan,out +Wpump )d (6)

E =E -E

saved , peak baseline, peak discharge

There are several potential load-shifting scenarios (Table 1). Ideally, the recharge energy should be lower than the
peak energy saved. However, most of the time this is not the case, as the peak energy savings and recharge energy are
highly dependent on the outdoor temperature and indoor loads. Cost savings are achievable if the recharge energy is
below the baseline energy, but may strain the grid if it is above the discharge energy. Thus, it is important to ensure
that the recharge energy is below the discharge energy.

Table 1: Scenarios matrix for recharge energy consumption when using HP-TES and load shifting

Recharge Energy Consumption | Energy Savings | Cost Savings Comments Strain on Grid
E recharge < Esaved, pea Ideal None / Minimal
Esaved peak < Erecharge < Edischarge x Recommended | None / Minimal
Eischarge < Erecharge < Ebasetine X Re-design Moderate
E echarge = Enasetine, peak X X Re-design High

2.4 Recharge Energy Mitigation Strategies

2.4.1 Variable-speed water pump: The single-speed water pump is replaced with a variable-speed pump. In Modelica,
the variable-speed pump was controlled by a PID from the Modelica Buildings Library (Wetter et al., 2014), altering
the water flow rate to maintain a recharge rate of 4 tons (14.1 kW), reducing recharge required time. Pump affinity
laws were used to compute the pumping power.

2.4.2 Variable-speed compressor: The single-speed compressor is replaced. The variable-speed compressor,
represented by 20-coefficient maps, was controlled to maintain a consistent recharge rate at the rated unit capacity of
4 tons (14.1 kW), using the PID in Modelica (Wetter et al., 2014). The component modifications, pump, and
compressor, were run solely and simultaneously, as shown in Table 2.
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Figure 4:Variable-speed compressor model and controls in Modelica
Table 2 summarizes the components considered. When simulating the HP and HP-TES in discharge mode, the pre-
coil temperature for the indoor HX was assumed to be 21.1°C (70°F) in heating mode, and 26.7°C (80°F) in cooling
mode as per the AHRI Standard 210/240 (2023) H1 and A test conditions.

Table 2: HP-TES cycle components considered for the refrigerant cycle and hydronic loop

HP-TES Cycle | Compressor Type Pump Type
1 Single-speed Single-speed
2 Single-speed Variable-speed
3 Variable-speed Single-speed
4 Variable-speed Variable-speed

2.4.3 Influence of heat source/sink temperature: The recharge energy required is primarily affected by the temperature
lifts in the cycle. Consequently, finding the most suitable outdoor temperatures whether recharging for cooling or
heating can significantly reduce the recharge energy required. Nighttime TMY3 temperatures in the US can range
between 0 — 20°C in hot climate zones (e.g., 1A) or from -30 — 15°C in cold climate zones (e.g., 7). Additionally,
indoor room temperatures in heating and cooling can typically be between 15 — 25°C Thus, the recharge energy was
investigated for cooling mode when outdoor temperatures were between 0 — 25°C, and from -30 — 20°C in heating
mode.

3. RESULTS AND DISCUSSION

3.1 Heating Mode

Evaluating the peak energy consumption (Figure 5), at lower ambient temperatures, the energy saved is higher as the
HP-TES systems can meet the rated capacity of 4-tons (14.1 kW) without any backup heating of COP = 1. The warmer
days do not require any backup heating. Replacing the single-speed with a variable-speed pump has minimal effects
as the higher thermal resistances on the PCM side. The variable-speed compressor requires lower energy consumption
in colder climate conditions, compressor speed increases to meet the rated conditions at a lower backup heating
penalty. During warmer days, the compressor can work at a lower speed, thus operating at a higher efficiency to meet
the system capacity, whereas the single-speed compressor would have to cycle on/off depending on the required load.
Consequently, the energy savings when integrating the single-speed compressor with TES is higher, given the sudden
drop in temperature lifts, increasing systems performance.
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Figure 5: Peak energy required for the baseline HP, HP-TES + Ps.s, and HP-TES + Py.s (a) single-speed
compressor, and (b) variable-speed compressor

For all HP-TES cycles, increasing the heat source outdoor temperature significantly reduces the recharge time, given
reduced temperature lifts and higher recharge rates (Figure 6). The variable-speed compressor systems have a 40%
shorter recharge period at the extremes, operating at maximum speed and thus enabling a higher recharge rate. For
warmer source temperatures, the single-speed compressors are faster, as they are not controlled to provide a specific
recharge rate. The variable speed pump was only effective at warmer heat sink temperatures, as the PHX can get more
heat from the system due to the increased water flow rate.
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Figure 6: Required recharge time of the four HP-TES cycle components

When mapping the energy requirements, the single-speed compressor systems (Figure 7(a)) can have significant
energy savings when recharge occurs at outdoor temperatures of 5°C or larger due to better balancing of recharge and
discharge energy. However, this can only happen if TES discharge occurs during lower outdoor ambient temperature
periods while it recharges at warmer ones. The results here show that regardless of components, decreasing the
temperature lift during recharge is key to reducing the recharge energy. The influence of the variable speed pump was
observed at outdoor air temperatures between 15— 20°C, as the heat transfer between the PHX and the thermal battery
increased given the higher water velocity, at lower temperature lifts.

The impact of the variable-speed compressor in reducing the recharge energy was minimal, around 8%, at a heat
source temperature of -30°C. Furthermore, the variable-speed compressor systems limited the load-shifting potential
as it reduced the baseline energy consumption compared to single-speed compressor systems. Thus, the variable-speed
HP-TES cycle can significantly limit the useful operation of the TES to discharge at outdoor temperatures below -8°C
if the TES is recharged at heat source temperatures between 15 — 20°C. This is the only way the HP-TES operation
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will consume less energy than the baseline variable-speed energy. If the end-user is only looking for cost savings, then
the recharge must occur at source temperatures 15 — 20 K higher than during peak hours, when the recharge energy is
below the baseline energy. Thus, the most appropriate recharge hours are probably during noon as they might be the
warmest hours, as peak utility hours in the winter are either the early morning hours or late afternoon hours.
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Figure 7: Heating mode recharge energy comparison: (a) single-speed compressor (b) variable-speed compressor.

3.2 Cooling Mode

The highest energy demand reduction from HP to HP-TES occurs at higher outdoor temperatures, given the
temperature lift reductions (Figure 8). Temperature lifts affect both single and variable-speed compressors differently.
At higher outdoor temperatures, the variable-speed compressor has a higher demand reduction as the compressor
speed increases to meet the rated capacity of 4 tons (14.1 kW). Thus, reducing temperature lift when using a variable
speed compressor has two advantages: (a) the compressor speed drops, reducing power demand, and (b) the
compressor efficiency increases at lower compressor speeds, given lower entropy generation.

For the cooling case (Figure 9), the total recharge time was 2 — 3 hours for all the cycles when the outdoor temperatures
were above 10°C. The lowest recharge time was 1.9 hours (1 hour and 54 minutes) for HP-TES cycle 2 (single-speed
compressor, Py.s) at 0°C, corresponding to nighttime temperatures during the shoulder season. At lower outdoor
temperatures, the COP of the cycle increases, as the compressor efficiency and condenser heat transfer rate increase,
speeding up the recharge rate. The highest recharge time was 3.5 hours for the complete single-speed system at 30°C.
The systems using the variable speed compressors stabilized the recharge time at an average of 3.1 hours, as the
compressor speed was modulated to recharge at a constant rate of 14 kW.
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To achieve energy savings, the recharge and discharge energy must be lower than the baseline energy during the peak
hours (Figure 10). This can only happen when the outdoor temperatures during peak hours are greater than 40°C, and
when the recharge hours heat sink temperatures are below 5°C. This may limit the potential useful locations for the
HP-TES system if the primary objective is to save energy. Thus, maximizing cost savings by using a variable speed
pump and limiting recharge energy is achievable by discharging the HP-TES when the outdoor temperature is above
30°C and recharging at temperatures below 15°C. An alternative solution would be to load shift as much energy as
possible during the peak hours while ensuring the shifted energy is no more than that which can be recharged.
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Figure 9: Required recharge time of the four HP-TES cycle components in cooling mode
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Figure 10: Cooling mode recharge energy comparison: (a) single-speed compressor; (b) variable-speed compressor.

4. CONCLUSIONS

This paper presents an analysis of mitigation strategies to reduce off-peak recharge energy for a dual-purpose HP-
TES. These strategies include component changes, i.e., swapping single-speed pumps/compressors for variable-speed
versions, and recharging at different heat source/sink temperatures. Transient models for the HP and HP-TES were
created in Modelica, and the corresponding energy consumption and savings during discharge and recharge were
compared. It was found that the most promising HP-TES system for recharge energy mitigation was equipped with a
single-speed compressor and a variable-speed pump in both cooling and heating modes. Nonetheless, the main driver
for reducing energy demand in recharge and discharge modes is reducing the temperature lifts. This corresponds to
recharge at outdoor temperatures below 15°C in cooling mode and above 10°C in heating mode, and discharge at
temperature above 30°C in cooling mode, or less than -5°C in heating mode. Variable-speed compressor HP-TES may
not be suitable as recharge energy demand increases due to higher compressor speeds and longer recharge periods.
The findings from these simulations can be used to develop a control strategy whose primary focus is to maximize the
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peak energy savings, ensuring that the recharge energy requirements do not create another artificial peak period
straining the grid at other hours of the day.

NOMENCLATURE
A Area (m?) P Pump @)
COP  Coefficient of performance (-) 0 Heat transfer (kW)
E Energy (kWh) T Temperature (°C)
h Heat transfer coefficient (W/m2K) t Time (s)
HS Horizontal spacing (m) VS Vertical spacing (m)
i Enthalpy (kJ/kg) W Power (kW)
k Thermal conductivity (W/m K) AP Pressure drop (Pa)
L Length (m) n Pump efficiency )
M Mass (kg) P Density (kg/m®)
m Mass flow rate (kg/s)
Subscript
Exp Expansion Valve S-S Single-speed
Seg Segment V-S Variable-speed
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