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Abstract. As the reliance on heat pumps (HPs) for space conditioning increases
worldwide, extensive grid strains during utility peak hours are expected. Significant
research efforts focus on investigating the use of integrated thermal energy storage
(TES) systems to reduce peak energy demands. Conventionally, TES systems are of-
ten integrated to store and provide either cooling or heating, but not both. In this work,
a single room-temperature phase-change material (PCM)-TES was integrated for
dual-mode operation with an R290 air-to-water 10.5 kW (3-Ton) HP. Two PCM melt-
ing temperatures (17°C, 22°C) were assessed to investigate their impact on system
performance and cost reductions for Milan, Italy (4A); Barcelona, Spain (3A); and
Oslo, Norway (6A). HP and HP-TES performance maps were generated using Mod-
elica-based transient models and co-simulated with a prototype residential building
using the Spawn of EnergyPlus™ with simple rule-based controls. Our simulations
indicate that PCM-17°C provided annual cost savings at higher peak-to-off-peak cost
ratios, as the demand reduction dominated the savings potential. The recharge energy
costs and requirements became more dominant at lower cost ratios, making PCM-
22°C more beneficial at lower cost ratios. Finally, despite Oslo's heating-dominated
climate, the utility peak hours favor cooling demand reductions, making PCM-17°C
more appealing. In all cases, the cost savings potential stabilized between 4 — 10%
regardless of cost ratio, suggesting that system-level component and operation control
optimization is required to maximize cost savings further.

Keywords: Thermal energy storage, Phase-change material, HP-TES performance
maps, Cost savings.



1 INTRODUCTION

As the number of heat pumps (HPs) grows with continuous decarbonization efforts [1],
power grid strains become inevitable to meet the required building loads. The addition of
intermittent renewable energy sources can introduce grid instabilities, further increasing
peak demands and raising the need for energy storage systems [2]. Thermal energy storage
systems have significant potential in systems that require or use thermal energy, especially
space cooling and heating systems [3].

Integrated heat pump thermal energy storage (HP-TES) and its control procedures have
significant research efforts. Drees & Braun [4] investigated the potential of a chiller-ice
thermal storage by comparing rule-based and optimal control strategies. An integrated HP-
TES system can achieve cost savings due to demand reductions using robust and optimal
controllers, such as model predictive controllers (MPCs), given their flexibility in handling
dynamic peak hours[5 - 6]. However, MPCs are often much more complex to develop and
operate than rule-based controllers (RBCs), as they focus on load shifting while disregard-
ing hourly optimizations [7]. Thus, we utilized RBCs to identify the most suitable PCM
temperature(s) for the HP-TES for a given region. Additionally, we see that the develop-
ment of optimal controls should come after first improving HP-TES components.

In this work, an R290-based 10.5 kW (3-ton) HP-TES unit was designed and simulated
for use in three European cities: (i) Milan, Italy, (ii) Barcelona, Spain, and (iii) Oslo, Nor-
way, using two different PCM melting temperatures (17°C, 22°C) to determine the impact
of PCM melting temperature on overall system performance and potential cost savings. Co-
simulations using the Spawn of EnergyPlus™ [8] were conducted for the prototype single-
family residence [9 -10] using IWEC-TMY weather data [11]. An RBC strategy was devel-
oped assuming static daily peak-hour periods. Recommendations for the TES PCM melting
temperatures were provided depending on the location and associated cost savings.

2 METHODOLOGY

2.1  System Cycle and Component Modeling

The R290 dual-purpose air-to-water HP-TES shown in Fig. 1 was sized for a 10.5 kW (3-
ton) cooling and heating capacity at AHRI 210/240 A and H1 conditions. These conditions
correspond to outdoor dry-bulb and wet-bulb temperatures of 35°C and 23.8°C for the A-
Test, and 8.3°C and 6.1°C for the H1-Test [12]. The operating modes, described in detail in
Othman et al. [13] (Fig. 1), reduce peak electrical demand for space conditioning by lower-
ing the temperature lifts of the system, thereby decreasing the compressor power.
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Fig. 1. HP-TES system:
(a) Baseline HP unit; (b) HP-TES unit discharge mode; (c) HP-TES unit recharge mode
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The thermal battery was sized to operate for 2 continuous hours for two PCMs with dis-
tinct melting temperatures of 17°C and 22°C and similar thermodynamic properties [14].
The 2-hour operating period was selected since HP-TES systems have shown high demand
reductions during the most extreme (i.e., highest/lowest) ambient temperature hours, which
oftentimes coincide with utility peak hours [3 - 13]. Furthermore, longer TES operating
periods will yield larger TES systems with extensive PCM requirements, which may be
infeasible in existing building structures. The storage capacity was determined using Eq.
(1), where the maximum required discharge rate Q;, is for cooling mode, i.e., accounting
for both the cooling capacity and compressor power at AHRI 210/240 A-Test operating
conditions. Using multiple finned-tube heat exchangers with an outer tube diameter of 9.5
mm, the surface areas were computed based on the maximum required using the UA-LMTD
approach, as done in [13]. Furthermore, the fin density was selected to ensure the appropri-
ate PCM volume availability and UA requirements.
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The HP-TES was modeled using an in-house Modelica Library [15]. The indoor air-
water heat exchanger was a tube-fin HX with 3 control volumes (CVs): water, wall, and air,
where axial conduction was neglected. The water CV is segmented to account for different
heat transfer coefficients and pressure drops along the HX using the Dittus-Boelter and
Churchill correlations, respectively [16 - 17]. The air CV considers both sensible and latent
loads, taking into account fin efficiencies and correcting the Wang et al. [18] airside heat
transfer coefficient using the Lewis analogy [19].

The outdoor air-to-refrigerant HX uses the same CV strategy, only replacing the water
CV with a refrigerant CV. The Shah [20 - 21] correlations were used for the two-phase heat
transfer coefficients for boiling and condensing flows, respectively. Similarly, the two-
phase pressure drops were determined using Xu-Feng (boiling) and Cavallini et al. (con-
densing) correlations [22 - 23]. The Dittus-Boelter and Churchill correlations [16 - 17] were
used in all single-phase regions. In all HXs, the wall CV solves the transient energy balances
from the two fluids, accounting for the thermal capacity of the tube walls and fins. In this
study, the defrost cycles were not considered.



The TES (PCM-HX) and indoor air-water HXs are connected to the HP using hydronic
secondary loops consisting of a brazed plate HX and a pump (Fig. 1b,c). A commercial
selection tool was used to size the plate HX, where the model details can be found in [13].
The single-speed compressor, selected from Alabdulkarem et al. [24], was modeled using
the manufacturer-provided 10-coefficient compressor map as per AHRI Standard 540 [25].
The EXV was modeled with a Pl controller, adjusting the opening based on the required
suction superheat.

The TES was modeled using the capacitance-resistance approach. The capacitance rep-
resents the enthalpy of fusion in the two-phase melting region (Eq. (2)) obtained from the
PCM manufacturer DSC curves [14]. The resistance in Eq. (3) shows the PCM heat transfer
coefficients during the phase-change process. The characteristic length L is the half-distance
between two HX tubes. The TES assumed adiabatic conditions on all external boundaries.

QPCM =—M PCM (2)

QPCM = 2 Aseg,j (Twall,j _Twater‘j—l) (3)

2.2 HP-TES System Performance Mapping

System-level performance maps were developed for the baseline HP and HP-TES in cooling
and heating modes based on ASHRAE Standard 205 [26 - 27]. Annual simulations using
the DOE prototype single-family residential building were conducted with the Spawn of
EnergyPlus™ [8 - 10]. The system map for the baseline HP system in cooling mode (Eq.
(4)) is a bi-quadratic function of the indoor wet-bulb and outdoor dry-bulb temperatures.
The fan and pump powers were considered according to the HP-TES operating mode. The
maps were developed for an outdoor dry-bulb temperature range of 18 — 45°C and an indoor
coil relative humidity range of 25 — 90%. Similar to the cooling mode, heating mode maps
were developed (Eq. (5)), however, auxiliary heating (with COP = 1) was considered when
the off-coil heat pump supply temperature was below 32°C, per ASHRAE Standard 90.1
[28]. The heating performance map's operating range for outdoor dry-bulb temperature was
-15—13°C, while the indoor dry-bulb temperature range was 10 — 25°C. When the outdoor
temperatures were below -15°C, heating was provided solely by the backup heating system.
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In the HP-TES modes, the TES outlet water temperature was used as an input to the HP-
TES maps (Eq. (6)) for both discharge and recharge operations. This water temperature also
served as an indicator of the TES state of charge (SOC), i.e., the relative ratio of utilized
TES storage to the full TES storage potential. To this end, the discharge and recharge pro-
cesses were initiated/terminated based on the instantaneous TES outlet water temperature.



The initial and final PCM temperatures were set for all modes based on DSC curves from
the PCM manufacturer [14]. The water temperature is a function of time and outdoor/indoor
dry-bulb temperatures, depending on the operating mode, i.e., recharge mode (outdoor) or
discharge mode (indoor), as shown in (Eq. (6)).

Discharge operation: Recharge operation:
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The rule-based control algorithm was developed such that HP-TES discharge occurs dur-
ing the utility peak periods until the PCM storage is fully exhausted, i.e., zero SOC. As this
work focused on reducing peak energy demands and shifting them to off-peak hours, the
TES was recharged at the most suitable off-peak nocturnal hours when space conditioning
was not required. During all other hours, the baseline HP provides space conditioning. The
indoor thermostat temperature sets the building demand: in cooling mode, the indoor tem-
perature cooling setpoints were 24°C + 1 K while heating indoor setpoints were 21°C + 1
K. Three European cities (Table 1), Barcelona (warm), Milan (moderate), and Oslo (cold)
were chosen to investigate the impact of different PCM melting temperatures across multi-
ple European climate zones. The corresponding peak utility hours for each location are also
listed in Table 1.

Table 1. Peak hours and climate zones for the 3 selected cities

Location Climate Zone Peak Hours
Barcelona, Spain Warm, Humid (3A) 10 AM-2PM & 6 PM — 10 PM [29]
Milan, Italy Mixed, Humid (4A) 8 AM -7 PM [30]
Oslo, Norway Cold, Humid (6A) 4 PM - 10PM [31]

Finally, the operating cost savings were determined using Eq. (7). The first term repre-
sents the peak demand reduction, while the second term is the cost increase associated with
off-peak recharging of the TES. The peak-to-off-peak cost ratio was iterated to find the
minimum required ratio to yield annual operating cost savings for the HP-TES system.
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3 RESULTS AND DISCUSSION

Fig. 2a,b presents the improvements in system COP for the HP-TES for cooling and heating,
respectively. The HP-TES COP improvement occurs over a range that is bounded between
the horizontal lines (Fig. 2a,b), corresponding to the PCM solidus and liquidus tempera-
tures. As expected, the highest COP improvements are at the hottest (cooling mode) or



coldest (heating mode) temperatures, respectively, as these correspond to the largest reduc-
tions in temperature lift. Additionally, this explains why the PCM-17°C has a higher COP
improvement in cooling mode, whereas PCM-22°C has a slightly higher COP improvement
in heating mode (Fig. 2b).

Simulation results for a full summer day in Milan (July 4) are shown in Fig. 3. It can be
seen that PCM-17°C achieves higher demand reductions and operates longer during peak
hours (after 8 AM), mainly due to higher delivered to the indoor space. However, the TES
system based on PCM-17°C has a longer and more energy-intensive recharge process com-
pared to PCM-22°C due to the higher system temperature lift.
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Fig. 2. HP-TES vs. Baseline COP for two PCMs (17°C, 22°C): (a) Cooling; (b) Heating
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Fig. 3. Overall system COP for a cooling day (July 4) in Milan, Italy

The system-level maps were simulated for all 3 locations; IWEC-TMY [11] weather data
shows the summer average outdoor temperature ranges in Barcelona and Milan are between
26 — 29°C, resulting in a higher overall cooling mode demand reduction for PCM-17°C
compared to PCM-22°C (Fig. 4a). On the other hand, using a PCM with lower melting
temperature in cooling mode has two penalties: (i) increased recharge energy requirements
during summer months (higher recharge temperature lifts) and (ii) reduced peak demand
reduction during winter months (higher peak hour temperature lifts).
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Fig. 4. Demand reductions and recharge energy increases compared with peak energy require-
ments for (a) summer months and (b) winter months

The simulation results for Oslo, however, are more interesting. Although Oslo has a heat-
ing-dominated cold climate (Table 1), the heating mode demand reductions were lower than
cooling for two main reasons. First, the utility peak hours are 4 — 10 PM year-round, favor-
ing cooling demand reductions as they coincide with higher outdoor temperature hours; on
the other hand, heating demand peaks during utility off-peak hours in the early morning /
late night. The second reason relates to the PCM melting temperatures considered herein; it
may be possible that even higher temperature PCMs would be favored for such a climate to
reduce peak heating demands further. This was observed in Fig. 3b, as PCM-22°C outper-
forms PCM-17°C during winter. To understand the overall annual demand reduction (i.e.,
more dominant in cooling/heating), the annual aggregate demand reductions and recharge
energies were assessed (Fig. 5a). Furthermore, the annual cost savings were determined for

peak cost ratios from 1 to 10, as shown in Fig. 5b.
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Fig. 5. (a) Aggregate annual demand reductions and recharge energy increases, (b) Annual oper-
ating cost savings for different peak energy cost ratios

Comparing the aggregates (Fig. 5a), no net reductions in annual energy consumption
were found for the proposed HP-TES system, given the gap between peak demand reduction
and recharge energy increase. To limit this gap, several paths can be considered, including
but not limited to adopting optimal control strategies, optimization of the TES HXs, and



using variable-speed equipment, i.e., compressors and pumps. However, the PCM melting
temperature was found to be a crucial aspect of minimizing this gap. This suggests that
selecting the TES melting temperature is a location-specific consideration.

On the other hand, cost savings were found to be possible but largely dependent on the
peak energy cost ratio (Fig. 5b). For all considered cities and PCMs, a near-constant cost
savings percentage was achieved for higher cost ratios (> 4). This occurs since the cost
savings become dominated by the peak demand reduction (Eg. (7)). Thus, from Fig. 5b, it
can be seen that recharge energy mitigation strategies should be a higher priority if the peak-
to-off-peak energy cost ratio is 4 or lower. Additionally, for cooling-dominated regions,
PCM-17°C provided more savings at higher cost ratios while PCM-22°C had higher cost
savings at lower ratios; this is due to the lower recharge energy requirement. In Oslo, the
peak hours and lower temperature PCMs favored cooling mode, and the lower temperature
PCM was favored at all cost ratios, again due to the lower recharge energy.

4 CONCLUSIONS

In this work, a dual-purpose air-to-water R-290 10.5 kW (3-Ton) HP-TES system was sim-
ulated in Modelica for 3 European cities (Barcelona, Milan, Oslo) for two PCMs with melt-
ing temperatures of 17°C and 22°C. Operational cost savings potential was assessed by
comparing HP and HP-TES operations. It was found that at higher peak-to-off-peak cost
ratios (> 6), PCM-17°C can result in higher cost savings (10%) in cooling-dominated re-
gions due to peak demand savings resulting from reduced temperature lifts becoming the
dominant cost factor. On the other hand, recharge energy costs play a larger role for lower
cost ratios (< 2.5), and thus PCM-22°C can be more beneficial with cost savings between 1
—4%. In Oslo, a heating-dominated climate, the year-round constant utility peak hours fa-
vored cooling mode operation and thus resulted in more significant cooling mode savings.
Given that the present HP-TES system was intended to operate solely during the utility peak
hours, many opportunities arise to achieve greater energy and cost savings by considering
component improvements, location-specific PCM melting temperatures, and adopting op-
timal control strategies.

NOMENCLATURE
C Map coefficients [-]
C Utility cost, $ kwh!
E Energy kWh
Hsi Enthalpy of Fusion kJ kg
k Thermal conductivity, W m K-
Q Heat transfer, kW
T Temperature, °C
w Electrical power, kW

reek symbols

D ®

Density, kg m™



Acronyms
IWEC International Weather for Energy Calculations
T™MY Typical Meteorological Year
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