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Summary/abstract

Heat pump integrated thermal energy storage is analyzed for demand response in grid-interactive
buildings. We have reviewed various configurations presented in the literature, in both active and
passive storage, and analyzed the reported demand impact, energy savings, and cost savings.

Introduction

Buildings are responsible for about 40% of the total energy consumed in the U.S. [1], accounting
for 75% of the total electricity consumption, and 78% of the 2-8 PM peak period electricity use
[2]. Heating, ventilation, and air conditioning (HVAC) loads account for nearly half of the building
electricity consumption and exacerbate demand issues.

Thermal Energy Storage (TES) has been identified as a key enabler to reduce peak energy demands
and grid stress through demand response strategies as described in the Department of Energy’s
Grid-Interactive Efficient Buildings (GEB) report [2]. TES may even allow refrigeration or HYAC
systems to operate during outages, though this requires larger storage capacities than a system
strictly intended for diurnal load shifting [2].

TES technology with greater flexibility presents research and development opportunities in
materials, configurations, and controls: novel TES materials can be developed to increase energy
storage density, many configurations can be explored to reduce installation complexities and TES
footprint, and TES operation can be optimized through controls for demand response in grid-
interactive buildings to offer greater energy and demand reduction potential.

More than 44% of the houses in the U.S. were built before 1970 [3] based on outdated building
codes. Typically, in US residential buildings, there is no mechanical outdoor air exchange, or cross
ventilation using natural resources, therefore, heat pumps are important to regulate the humidity
inside the house as well as the indoor temperature. Thus, retrofit technologies are needed for a
rapid transition to heat pump integrated storage.

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

Thermal energy storage can provide benefits when integrated with the heat pump components. TES
materials can be charged and discharged to store and release energy, respectively, thus reducing the
time and shifting heating or cooling energy demand. Despite diurnal changes in outdoor
temperatures, the high-thermal-mass buildings can maintain inside temperature in a comfortable
range without expending an excessive amount of HVAC energy.

Path Forward
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This article summarizes the state of art of heat pumps integrated with thermal energy storage.
Phase change materials (PCMs) are thermal storage materials that can be embedded into heat pump
equipment or building envelope. Research has explored a wide variety of methods to incorporate
PCM into systems for space heating and cooling, in both active and passive storage, as well as
being incorporated into buildings using various configurations.

The majority of the existing commercial PCMs are incorporated in passive storage and they charge
and discharge depending on the ambient temperature. In passive storage, PCM can be installed in
the building envelope such as walls, ceiling, windows, or embedded directly into the building
material such as concrete. Ideally, the materials in passive configuration can offset the peak
demand by shifting loads, but they are unable to control the charging or discharging operation to
optimize grid benefits.

Active TES systems on the other hand use mechanical work to transfer heat between the space and
the PCM, hence there is some control over when the TES system is charged and discharged.
Examples of this setup are a standalone storage tank system with an integrated heat exchanger
coupled to the building’s ventilation system or a vapor compression system. The TES system may
be separate and removed from the space. One advantage of these active configurations is the
ability to add these systems to existing building infrastructure without significant construction.

For grid-interactive buildings, a demand response strategy can be designed for building load and
grid stress management. The utility providers may define peak hours and off-peak hours of
operations based on a pre-determined schedule or a high demand-based charge schedule. During
the time of high demand or peak hours, the utility rate tends to be higher than what is normally
charged to customers during normal or off-peak hours. Load shifting can manage the demand by
shifting peak load to off-peak or normal operating hours, hence reducing the utility cost and grid
stress.

When properly controlled, thermal storage can be useful in an economic or behavioral curtailment
scenario for demand response. Major factors influencing an appropriate TES system's choice
include the energy storage period and duration, cost and economic feasibility, and operational
conditions. The key to using this technology to provide grid benefits is the development of
materials or packaging in an active storage configuration that allows real-time control of the
charging and discharging processes for grid-interactive operation. The energy savings and grid
benefits in such configurations would be particularly significant in regions of high peak demand
[2].

The use of phase change materials as TES has its advantages reported in the literature. Researchers
have used various demand management systems to take advantage of lower utility rates during the
off-peak hours and used TES in various configurations for storing the energy to be used later
during peak hours, as shown in table 1 and the corresponding figure.

A selection of ten references is shown here to represent the state of art available in the literature,
with one reference chosen to represent each configuration type. The figure shows building and heat
pump components with embedded TES in various possible configurations. Some are used in
passive configurations and installed in building envelopes like frame walls, ceilings, floorboards,
and attic insulation. The passive configurations included are connected to the air conditioning
system and the effect of air conditioning load reduction is studied.

The active configurations reported here are the ones integrated with air conditioning or heat pumps.
Most researchers have commonly used a standalone storage tank containing a PCM and heat
exchanger, while others have incorporated PCM into heat pump system components like the supply
and return air ducts, and evaporator. Another common practice is to use two storage tanks for both
cold and heat dissipation (see 7a and 7b in the figure).

There is a large variation in the benefits provided by TES depending mainly on the system
configuration, TES location, and TES type. Peak load reduction ranges from 12% to 57%, and
electricity consumption savings ranged from 9% to 62%. In this work, we have tried to present a
comprehensive review of various heat pump integrated PCM-based TES configurations with a
demand impact and economic analysis.

The thermal energy storage systems (TES) incorporation with current cooling, heating, and
ventilation systems has been shown to shift the load and energy use of the HVAC systems from on-
peak to off-peak times to bypass the peak charges due to high demand. TES has also been shown to
improve energy efficiency by controlling the energy supply and energy demand gaps. Active heat
pump integrated TES configurations generally outperform passive TES-HP configurations because
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active storage systems offer a high level of control of indoor conditions and improve heat energy
storage.

A particularly promising configuration is the directly coupled active TES-HP configuration by
Dong et al., which requires small modification and offers large performance improvement while
reducing the TES footprint.

Challenges and Future Work

The HVAC system incorporating TES is beneficial to both residential and commercial buildings by
providing grid value, though the residential system requires more installation costs making it
challenging for many consumers to adopt this technology. The end-user would need to purchase the
equipment for new construction, replacement of an old heating/cooling system, or retrofit
applications. The most financially motivated users tend to be the consumers paying demand
charges or on tariffs like TOU rates, as TES is ideal to shift the predictable daily load for demand
response. The performance of active TES systems can be optimized by taking advantage of
favorable environmental conditions and pre-scheduled utility tariffs to charge the storage medium
efficiently. However, careful scheduling is required to maximize the benefit to avoid round-trip
energy losses.

Conclusions

This article reviews the state of art of heat pump integrated TES in grid-interactive buildings.
Various configurations are reviewed and active storage is found to be more beneficial for daily load
shifting, where PCMs can be charged for generation during off-peak hours.

TES has been shown to reduce building energy consumption from 9% to 62% and building peak
load from 12% to 57%.

Heat pump integrated TES allows the use of already established technology and resources, with
minimal equipment that can reduce the installation complexity. Heat pump-integrated TES
equipment is also programable with the thermostat for demand response and can provide building
flexibility. With the number of possibilities, novel configurations can be explored that offer
maximum benefits to both consumer and grid, while minimizing the TES footprint.

Research is needed in controls to optimize performance under various utility tariffs for demand
response as well as develop novel directly coupled configurations to reduce the TES footprint.

Author contact information

Name Sara Sultan Kyle R. Gluesenkamp

Title Graduate Research Assistant Senior R&D Scientist

Affiliation University of Tennessee, Bredesen Oak Ridge National Laboratory
Center for Interdisciplinary Studies

Postal 1 Bethel Valley Rd

address

E-mail ssultanl@vols.utk.edu gluesenkampk@ornl.gov

address

Phone 865-241-2952

number

References

[1] U.S. EIA, “Annual Energy Outlook 2020,” 2020. Accessed: Apr. 20, 2020

[2]  B. Goetzler, M. Guernsey, and T. Kassuga, “Grid-interactive Efficient Buildings Technical
Report Series: Heating, Ventilation, and Air Conditioning (HVAC); Water Heating;
Appliances; and Refrigeration,” 2019.

[3] M. Sarkar, “How American Homes Vary By the Year They Were Built; How American
Homes Vary By the Year They Were Built,” Washington, DC, 2011. Accessed: May 20,
2021. http://www.census.gov/const/www/charindex.html.

[4] C. K. Halford and R. F. Boehm, “Modeling of phase change material peak load shifting,”
Energy Build., vol. 39, no. 3, pp. 298-305, Mar. 2007

[5] N. Zhu, S. Wang, Z. Ma, and Y. Sun, “Energy performance and optimal control of air-
conditioned buildings with envelopes enhanced by phase change materials,” Energy
Convers. Manag., vol. 52, no. 10, pp. 3197-3205, Sep. 2011

[6] R. Barzin, J. J. J. Chen, B. R. Young, and M. M. Farid, “Application of PCM underfloor



mailto:ssultan1@vols.utk.edu
mailto:gluesenkampk@ornl.gov

ARTICLE 4 (6)
2017-0925

[7]

[8]

[9]

[10]
[11]

[12]

[13]

heating in combination with PCM wallboards for space heating using price based control
system,” Appl. Energy, vol. 148, pp. 39-48, Jun. 2015

N. H. Abu-Hamdeh, A. A. Melaibari, T. S. Alguthami, A. Khoshaim, H. F. Oztop, and A.
Karimipour, “Efficacy of incorporating PCM into the building envelope on the energy
saving and AHU power usage in winter,” Sustain. Energy Technol. Assessments, vol. 43, p.
100969, Feb. 2021

F. Bruno, N. H. S. Tay, and M. Belusko, “Minimising energy usage for domestic cooling
with off-peak PCM storage,” Energy Build., vol. 76, pp. 347-353, Jun. 2014

S. Takeda, K. Nagano, T. Mochida, and K. Shimakura, “Development of a ventilation
system utilizing thermal energy storage for granules containing phase change material,” Sol.
Energy, vol. 77, no. 3, pp. 329-338, Sep. 2004

T. Kondo and T. Ibamoto, “Research on thermal storage using rock wool phase-change
material ceiling board,” in ASHRAE Transactions, 2006, vol. 112 PART 1, pp. 526-531.
N. Chaiyat, “Energy and economic analysis of a building air-conditioner with a phase
change material (PCM),” Energy Convers. Manag., vol. 94, pp. 150-158, 2015

R. Hirmiz, H. M. Teamah, M. F. Lightstone, and J. S. Cotton, “Performance of heat pump
integrated phase change material thermal storage for electric load shifting in building
demand side management,” Energy Build., vol. 190, pp. 103-118, May 2019

J. Dong, B. Shen, J. Munk, K. R. Gluesenkamp, T. Laclair, and T. Kuruganti, “Novel PCM
Integration with Electrical Heat Pump for Demand Response,” 2019



ARTICLE
2017-0925

5 (6)

Table 1: The ten representative heat pump integrated configurations included here have been shown to

reduce peak load by 12% to 57%

Reference Configuration | TES Location Outcomes
i i - 0,
Halford et al., 2007 Passive Model_ed to be installed in | 19 - 57% peak load
the attic reduced
Daily electric consumption
In the walls to enhance reduced by 10%
Zhuetal., 2011 Passive envelope of air- 17-20% peak demand
conditioned PCM building | reduction
11% cost reduced
. 44.4% energy savings
Barzin et al., 2015b | Passive In wallboard W'.th 3-4hr of Peak load shifted
underfloor heating .
35% cost savings
11.25% energy savings
Abu-Hamdeh et al., . In frame wall of air- Air handling unit’s power
2021 Passive condiitioned building usage decreased by
11.73%
18.6 years payback
- s =
Bruno et al., 2014 Active In chiller used as 13/_o cooling energy
evaporator savings
- 5 ——
Takeda et al., 2004 Active In su_pp!y air duct of 42.8 to 62.8% ventilation
ventilation system load reduced
Kondo et al., 2006 Active In_ ce|I_| ng board COUPIEd 9.4% load reduction
with air handling unit
Cooling load decreased by
. . In the return air duct 3.09 kwh/d
Chaiyat, 2015 Active coupled with evaporator 9.1% cost saved,
4.15 years payback
Hirmiz et al., 2019 Active Ir)tegrated with Heat pump 6hr Load shift
via condenser storage tank
. . . 13% power savings
Dong et al., 2019 Active zleﬁﬁcﬁuﬁéggpﬂh tvhiz 12.7% Peak load shifted*
g N P 19% Electricity cost
storage tanks .
savings

*Calculated based on the data provided in the paper
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Figure 1: Ten ways to integrate TES with heat pump were identified in the literature, as summarized here.



