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ABSTRACT 
This paper presents a model-based predictive control strategy to optimize the operations of phase 

change material (PCM) ceiling panels coupled with a multi-stage air-source heat pump. A three-

stage prototype heat pump unit has been built and tested in the laboratory, with the low and medium 

stages designed for space heating/cooling and the high compression stage dedicated to charging of 

the PCM energy storage. To facilitate optimal control of the integrated heat pump system, a mixed-

integer linear programming formulation is derived through linearization of the heat pump model 

and a mixed-integer reformulation of the PCM dynamic governing equations. A predictive control 

strategy is synthesized based on the resultant control formulation and implemented in a receding 

horizon scheme that optimizes the PCM charging and the zone temperature schedules 

simultaneously to leverage both the passive (associated with building construction materials) and 

active (PCM) storage capacities of a building. The control strategy has been tested along with three 

benchmarking control scenarios using a co-simulation platform for a prototypical detached house 

in Atlanta, GA. Test results showed that application of the proposed control strategy to the PCM-

integrated heat pump could provide 27.1% electricity cost savings while a fine tuned rule-based 

control strategy could achieve cost savings of 20.4%, compared to a baseline case without PCM 

storage, under a time-of-use rate tariff. 

 Introduction 
The increasing migration of energy sources from non-renewable to renewable has resulted in the 

rapid ramping of fossil fuel power plants to compensate for the energy shortfall caused by the 

limited window of availability (particularly solar energy) [1]. The resulting electric supply and 

demand misalignment is increasing the pressure on the electricity providers to maintain reliable 

and efficient operations. The thermal inertia in buildings can be leveraged to reduce the grid peak 

demand and improve power balancing through effective building demand responsive control [2]. 

As building materials become more lightweight, the building thermal inertia can be increased by 

incorporating phase change materials (PCM) in the building envelope [3] [4] [5]. PCM are 

appealing thermal energy storage (TES) solutions because of their high thermal energy density and 

the isothermal behavior of the melting and solidification processes. 

PCM TES is a mature technology that has been investigated and implemented in different ways. 

To increase the thermal inertia of the building envelope PCM has been integrated into wallboards 
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[6] [7] [8] [9]. This strategy relies on the variation of the indoor or outdoor air temperature to 

charge or discharge the PCM. Neeper [10] investigated the thermal dynamics of a PCM integrated 

wallboard. The study found that the maximum diurnal energy storage is typically achieved at a 

value of the PCM melt temperature comparable to the average room temperature. The diurnal 

storage capacity that can be achieved in practice may be limited to a range of 300–400 kJ/m2, 

despite the increase in the wallboard latent capacity. The reliance on natural convection to drive 

the PCM-to-air heat transfer limits the PCM thermal penetration depth due to the small heat 

transfer coefficient [11] [12]. The thermal charge rate can be enhanced by perturbing the indoor 

temperature, which, however, can negatively affect the indoor comfort. PCM TES can be deployed 

in air distribution systems to leverage the forced convection and increase the charge/discharge rate. 

Hong et al. [13] experimentally investigated the load shifting potential of PCM mounted in the 

supply duct. The zone air temperature of an office space was recorded following the deactivation 

of the chiller during the afternoon hours for two cases; in the PCM-equipped case, the supply fan 

blew air through the PCM section and into the room; in the baseline case, both the chiller and the 

fan were switched off. They found that the zone air temperature rose by 3°C within an hour and 

0.8°C within 2.5 hours for the baseline case and PCM-equipped case, respectively. Hong et al. 

[14] performed a follow-up simulation study of the same system, which optimally scheduled the 

charging and discharging modes to reduce the daily electricity cost. The proposed system utilized 

bypass ducts to minimize energy loss to the room and through the building envelope when cooling 

is not required. The optimal schedule resulted in a 15.6% cooling electricity cost reduction. Hlanze 

et al. [15] proposed a supply duct integrated PCM TES which is dynamically charged and 

discharged by adjusting the supply air temperature. The supply air temperature is lowered during 

the off-peak period preceding the on-peak period to store “cooling” energy in the PCM and 

increased during the on-peak period to melt the PCM. This strategy successfully shifted the on-

peak cooling load and electric consumption to the off-peak period due to the lower on-peak 

mechanical cooling requirement. Cooling season simulations were performed, and the results 

demonstrated a 16% electricity cost reduction in Phoenix, AZ. The harvesting of free “cooling” 

energy using PCM TES and nighttime ventilation is a promising solution to balance building 

electric demand and reduce cooling electricity cost. However, most of the current solutions require 

bypass duct/dampers to achieve active control of charging/discharging, which increases the 

upfront cost and required space.  

Previous studies have been conducted leveraging the passive and active thermal storage 

capabilities of PCM ceiling panels. In most designs, chilled-water (or other heat transfer fluid) 

pipes are embedded in PCM-filled panel tiles as part of chilled beams to improve the energy charge 

rate and thermal penetration. Bogatu et al. [16] investigated experimentally the cooling load 

shifting capability of a macro-encapsulated PCM ceiling panel with embedded water circulation 

pipes compared to conventional radiant cooling panel and micro-encapsulated PCM gypsum panel 

in a small office. The PCM charging was controlled using pre-defined schedules and a feedback 

control logic—the water circulation loop was available from 6 PM to 8 AM and its operation was 

controlled to maintain an operative temperature setpoint of 22C. The proposed system 

successfully shifted the cooling load from on-peak to off-peak periods and achieved a cooling 

effect during melting between 5.3 W/m2 and 27.7 W/m2, which was higher than the PCM gypsum 

panel but lower than the radiant cooling panel. Skovasja et al. [17] investigated the feasibility and 

performance of a PCM integrated ceiling cooling system through simulation and experimental 

tests. A layer of PCM was installed between chilled water beams and the room air. The study found 

that the PCM ceiling cooling system was able to suppress the temperature rebound after the chilled 
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water was shut down, due to increased building thermal inertial. Weinläder et al. [18] investigated 

experimentally the passive cooling performance of two different PCM ceiling prototypes: type 1 

with PCM on top of chilled water pipes and type 2 with PCM below chilled water pipes.  The PCM 

TES consisted of three operation modes—passive cooling mode, which discharges the PCM with 

the chilled water loop deactivated; active cooling mode, which runs the chilled water through the 

chilled beam and is activated only when the passive cooling mode is not able to regulate the room 

temperature; and active regeneration mode, which occurs at night and runs the chilled water loop 

to charge the PCM. They observed that the passive cooling rate of the two designs was similar 

when measured as a function of the room temperature: cooling effects of 10–15 W/m2 were 

measured for a room temperature of 26C. 

Various control strategies have been investigated for operations of PCM energy storage in 

buildings [19]. For example, de Garcia et al. [20] provided a binary scheduling formulation of 

optimal charge/discharge control of a PCM TES unit placed in a ventilated façade and 

implemented a reinforcement learning-based controller. In reference [21], a hierarchical control 

strategy was introduced for an integrated photovoltaic thermal and PCM storage system used in a 

residential dwelling. The PCM storage was installed in the air duct with multiple fans/dampers in 

place to alter the airflow path to switch between the charge, discharge and bypass modes of the 

PCM TES. A lumped system approach was assumed for the PCM control model, which could lead 

to suboptimal control performance due to overestimation of the charge/discharge rates. Serale et 

al. [22] investigated model predictive control (MPC) strategies for a PCM-integrated solar thermal 

system used for space heating, based on a mixed logical dynamical system-based formulation. The 

developed controller made use of the piecewise linearity of the PCM storage in determining the 

optimal pumping speed and storage temperature to minimize energy consumption and indoor 

discomfort. Up to 32% energy savings were obtained compared to a baseline heuristic controller. 

Gholamibozanjani et al. devised a similar control strategy that explicitly considers the PCM heat 

transfer dynamics associated with pure-solid, pure-liquid and two phases for optimal operation of 

a PCM-filled heat exchanger [23]. Touretzky and Baldea [24] proposed a bi-level operation 

strategy for a PCM storage tank used in buildings. The top level controller was designed to 

optimize the operation of the PCM storage unit while the lower-layer controller handled fast 

disturbance rejection. The scheduling algorithm was reliant on a sequential nonlinear program 

solver and significant cost savings were reported.  

Although a few of the above studies considered the piecewise linearity of the PCM dynamics 

during control decision making, no or loose couplings with the heating, ventilation and air-

conditioning (HVAC) systems were assumed in exchange for numerical tractability. The high 

nonlinearity of the HVAC and PCM systems and their strong couplings represent a major 

challenge for practical control implementations. This paper fills the void by presenting a novel 

model predictive control approach for PCM ceiling energy storage integrated with an air-source 

integrated heat pump (ASIHP). The proposed control strategy relies on a mixed-integer linear 

reformulation of the original nonlinear (nonconvex) control problem and enables simultaneous 

scheduling of the HVAC and PCM TES operations. Note that although application of mixed-

integer programming in building control synthesis is not new (e,g., HVAC optimal scheduling 

[25], aging-aware building demand response  [26], solar-battery asset control in buildings  [27], 

in-duct PCM TES control  [28], on-site generation and storage scheduling  [29]), this study 

represents the first attempt to leverage mixed-integer techniques for predictive control of PCM-

integrated multi-function heat pumps. Compared to previous studies, the system design 
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amalgamates the following benefits: (i) the active PCM charging using a chilled water loop and 

water-to-PCM heat exchanger improves the heat penetration depth, (ii) the parallel air and radiant 

cooling system offers better control flexibility with superb energy performance and (iii) the 

integrated system offers multiple functions in one unit including space cooling/heating, water 

heating and energy storage (the water heating function is not considered in this study though). The 

proposed MPC approach facilitates the realization of the solution package’s full potential through 

optimized system operations to maximize the energy efficiency, demand flexibility and economic 

benefits. A comprehensive assessment of the control strategy and the PCM-integrated heat pump 

was performed with the aid of a co-simulation platform that incorporates through the functional 

mock-up interface (FMI) (i) a numerical model of the PCM-embedded ceiling, (ii) the ASIHP 

system model, and (iii) the EnergyPlus prototypical single family detached house model. Key 

performance assessment results are reported in comparison with three baseline control approaches. 

 Integrated Air-Source Heat Pump System Description 
Figure 1 (right hand side) shows a schematic diagram of the ASIHP system under study, which is 

comprised of a reversible air-source heat pump, a PCM charging loop and PCM ceiling panels. 

The system offers four operation modes, i.e., space cooling (SC), space heating (SH), PCM heat 

charging and PCM cold charging. Multiple reversing and three-way valves work together to 

achieve mode switching. During the SC mode, the heat pump operates as an air conditioner, 

pumping heat from the indoor space to the ambient environment. During the SH mode, the heat 

pump operates with a reversed refrigerant circuit that extracts heat from the ambient environment 

and dumps it to the indoor space. Under the PCM cold charging mode, the refrigerant bypasses the 

indoor coil and instead is routed to a plate heat exchanger (evaporator) where the process water is 

cooled down; the chilled water runs to the PCM ceiling panels to charge the “cold” energy by 

solidifying the PCM through a plastic heat exchanger. The refrigerant flow for the SC and PCM 

cold charging mode are shown in Figure 1, where the red and blue arrows signify the high and low 

refrigerant pressure, respectively. In the PCM heat charging mode, the plate heat exchanger 

becomes a condenser which generates heat delivered to the PCM. Heat is transferred between the 

PCM and indoor air driven by the temperature difference. During the SC and SH modes, the PCM 

process water loop is off. The ASIHP also includes a water heating functionality where domestic 

hot water is heated using the heat pumped from the indoor space during a combined space cooling 

and water heating mode or pumped from the ambient during a dedicated heat pump water heating 

mode. However, the domestic water heating capability of the ASIHP system is not studied here as 

the case study building involves relatively low water heating energy usage. This study only 

presents simulation results for the cooling scenario in summer months; however, the proposed 

control strategy has also been tested in heating seasons with similar load shifting and cost reduction 

capabilities. Heating season results are not presented as the control behaviors are similar to those 

involved in the cooling season.   

The left hand side of Figure 1 displays the laboratory prototype of the ASIHP. The compressor in 

the prototype unit features three stages: low, medium and high. For the SC mode, only the low and 

medium stages are allowed while the high stage is reserved for the PCM charging mode. The SH 

mode can run at all three stages. The ASIHP prototype does not include the PCM-embedded drop 

ceiling as the psychrometric chamber used to test the unit does not have enough space to 

accommodate testing of the PCM ceiling.    
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a) 

 

 
b) 

Figure 1: ASIHP schematic diagram and the prototype unit in the laboratorya) SC mode and 

b) PCM charging mode 

 

 Simulation Test Bed 
To facilitate performance assessment, a simulation test bed has been constructed based on the co-

simulation of (i) a numerical model of the PCM-embedded ceiling, (ii) the ASIHP system model, 

and (iii) the U.S. Department of Energy (DOE) prototypical single family detached house building 

model for Atlanta, GA [30]. The ASIHP model incorporates performance curves derived from the 

high-fidelity Heat Pump Design Model developed by Oak Ridge National Laboratory [31] and is 

publicly available through EnergyPlus component library. The performance curves used in the 

ASIHP model have been calibrated using performance data collected in the laboratory (see Section 

3.4 for the calibration results). The MPC module, which makes use of the PCM model, a resistance-
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capacitance (RC) thermal network model for the building envelope and an ASIHP control model, 

is implemented in Python, while the high-fidelity DOE prototypical model and the nonlinear 

ASIHP model run in EnergyPlus, which serves as a simulation test bed. Note that the same PCM 

model is used for the controller and the simulation test bed, while different control and plant 

models are utilized for the building envelope and ASIHP system. Due to model mismatch, the 

initial states of the RC network model need to be estimated at each MPC decision step using state 

observing techniques. The overall simulation test bed packages the disparate component models, 

and co-simulation is achieved through the FMI [32]. 

 Co-Simulation Platform with EnergyPlus and Python 

The whole building energy simulation test bed incorporates a co-simulation platform of 

EnergyPlus and Python based on the FMI standard [32]. An EnergyPlus Functional Mock-up Unit 

(FMU) has been created for the DOE prototypical single family detached house building model. 

The space heating and cooling equipment models in the original DOE prototypical model were 

replaced with the ASIHP model in the EnergyPlus FMU, which is linked to the PCM model with 

the interfacing variables shown in Figure 2. The PCM model accepts the zone air temperature 

(ZAT) generated by the EnergyPlus FMU and uses it as a boundary condition to calculate the 

PCM-to-room heat transfer rate. The resulting heat transfer rate is accepted by the EnergyPlus 

FMU and this thermal interaction is modeled using two “Other Equipment” objects—the first 

object outputs a negative heat transfer rate to simulate the PCM cooling effect, and the second 

object outputs a positive heat transfer rate to simulate PCM heating the room. The ZAT simulated 

by the EnergyPlus FMU is fed to a Kalman filter-based state observer which outputs the estimated 

states (nodal temperatures) of the RC thermal network at the current time step; the latter are used 

by the MPC module to predict the thermal dynamic response of the building in the next 24 hours, 

using the forecasted weather and electricity price signals. Perfect forecasts are assumed, so the 

performance reported in this study represents the theoretical upper bound and the actual 

performance in real-world implementations may be slightly worse due to weather prediction 

uncertainties. The building load prediction is achieved by integrating all the component-level 

control models together, and optimal control schedules for the ZAT and PCM charging rate that 

minimize the predicted electricity cost in the look-ahead time horizon are identified. Only the 

control actions of the first time step are applied and when the next decision time arrives, the control 

decision making process is repeated in a receding horizon scheme. An FMI master program was 

implemented in Python, which manages the progression of simulation time and communications 

between the PCM model, the MPC module and EnergyPlus. In the co-simulation, the interface 

variables are updated at each time step (1 hour) in a ping-pong scheme. 
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Figure 2: Schematic diagram of the EnergyPlus-Python co-simulation platform 

 

 PCM Model 

The PCM is installed in the drop ceiling and has two boundary thermal interactions—PCM-to-

chilled water and PCM-to-air heat transfers. PCM modelling techniques seek to solve the Stefan 

problem, where the moving boundary of the solid-liquid interface is tracked over time according 

to [33] 

 
𝑞𝑙
′′ − 𝑞𝑠

′′ = 𝜌𝑙ℎ𝑠𝑙
𝑑𝑠

𝑑𝑡
, 𝑥 = 𝑠(𝑡) 

 

(1) 

where 𝑞𝑙
′′ and 𝑞𝑠

′′ are the heat flux in the liquid and solid phases, respectively, ρl is the density of 

the liquid phase, hsl is the latent heat of fusion, t is time, s is the position of the solid-liquid 

interface, and x is the distance. There exist very few analytical solutions in closed form for this 

class of problem [34] [35] [36], and numerical methods are often used to solve them [37]. The 

numerical methods can be classified as either fixed grid, deforming grid or hybrid methods. The 

PCM model used in the whole building simulation is adapted from the enthalpy method [33], 

which is a fixed-grid method that models the heat transfer in the PCM as a one-dimensional, 

conduction-controlled, two-region melting problem in a finite slab. The density of the solid and 

liquid phases is assumed to be equal (ρs = ρl = ρ) for simplicity. The one-dimensional transient 

energy equation is: 

 
𝜌
𝜕ℎ

𝜕𝑡
=
𝜕

𝜕𝑥
(𝑘
𝜕𝑇

𝜕𝑥
) 

 

(2) 

where h is the PCM enthalpy, k is the PCM thermal conductivity and T is the PCM temperature. 

Figure 3 displays a finite control volume schematic for modeling of the PCM-to-chilled water, 

PCM-to-air and within-PCM heat transfers. The PCM is discretized into multiple layers (four in 

the case study) with uniform thickness. Equation (2) is discretized using an implicit formulation 

as follows: 
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ℎ𝑗
𝑡+1 =

∆𝑡 ∙ 𝑘 ∙ (𝑇𝑗+1
𝑡+1 − 2𝑇𝑗

𝑡+1 + 𝑇𝑗−1
𝑡+1)

𝜌(∆𝑥)2
+ ℎ𝑗

𝑡 
(3) 

where t is the time step, x is the thickness of each control volume and j indexes the control 

volume. Once the enthalpy at each control volume is determined, the temperature can be found 

using 

 

𝑇𝑗
t+1 =

{
 
 
 

 
 
 (𝑇𝑚 − 0.1) +

ℎ𝑗
t+1

𝑐𝑝
, ℎ𝑗

t+1 ≤ 0

(𝑇𝑚 − 0.1) +
0.2

ℎ𝑠𝑙
∙ ℎ𝑗

t+1, 0 ≤ ℎ𝑗
t+1 ≤ ℎ𝑠𝑙

(𝑇𝑚 − 0.1) +
ℎ𝑗
t+1 − ℎ𝑠𝑙

𝑐𝑝
, ℎ𝑗

t+1 ≥ ℎ𝑠𝑙

 

 

 

 

(4) 

where Tm is the PCM melting temperature, and cp is the specific heat of the PCM (assumed to be 

identical for liquid and solid phases). To ensure a one-to-one mapping of the temperature-enthalpy 

relationship, a small temperature band (0.2C) is introduced for the phase change process. 

 
Figure 3: PCM finite control volume schematic 

The outermost control volume interacts with the chilled water. An implicit formulation of the 

dynamics of the first nodal temperature is 

 
ℎ1
t+1 =

∆𝑡

𝑚𝑃𝐶𝑀
(𝑄𝑃𝐶𝑀

𝑡+1 −
𝑘(𝑇1

𝑡+1 − 𝑇2
𝑡+1)

∆𝑥
) + ℎ1

𝑡  
(5) 

where mPCM is the PCM mass of the specific control volume and QPCM is the PCM charging rate 

provided by the chilled water circuit. The innermost control volume interacts with the zone air, 

and its dynamics are governed by 

 
ℎ4
t+1 =

∆𝑡

𝑚𝑃𝐶𝑀
(
𝑘(𝑇3

𝑡+1 − 𝑇4
𝑡+1)

∆𝑥
− 𝑄𝑆𝐶,𝑃𝐶𝑀) + ℎ4

𝑡  

 

 

(6) 

where 𝑄𝑆𝐶,𝑃𝐶𝑀  is the PCM-to-room air heat transfer. The PCM-to-room air heat transfer is a 

natural convection interaction characterized by 

 
𝑄𝑆𝐶,𝑃𝐶𝑀 =

𝑇4
𝑡+1 − 𝑇𝑧𝑜𝑛𝑒

𝑡+1

1
𝑈𝐴 +

∆𝑥 2⁄
𝑘𝐴

 
(7) 
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where Tzone is the ZAT, A is the PCM surface area, and U is the convective heat transfer coefficient 

between the PCM and zone air. The calculation of U is performed as follows: 

 
𝑈 = 2.42

|𝑇4,𝑛𝑜𝑚 − 𝑇𝑧𝑜𝑛𝑒,𝑛𝑜𝑚|
0.31

𝐷𝑒
0.08  

 

(8) 

where De is the equivalent diameter of the PCM panel (4 × area/perimeter) [38], T4,nom and Tzone,nom 

are the nominal temperatures of the innermost node and indoor space, assuming 19.7C and 23C, 

respectively. The nominal temperatures are used in the calculation of the convention heat transfer 

coefficient to reduce chattering across consecutive simulation time steps; when smaller time steps 

are used, the actual nodal and zone temperatures can be employed. In the case study, the PCM was 

assigned a melting temperature of 19.7C and a thickness of 5 mm. The PCM ceiling was assumed 

to cover 75% of the floor area of the prototypical residential home (167.25 m2) with a total latent 

heat capacity of 131 MJ (36.4 kWh). Table 1 displays the PCM thermal properties, which were 

obtained from PureTemp PCM spec sheet [39]: 

Table 1: PCM thermal properties 

Thermal 

Property 

Tm (°C) hsl (kJ/kg) ρ (kg/m3) cp (J/kg·K) k (W/m·K) 

Value 19.7 182 905 2560 0.25 

 

 Building Envelope Thermal Network Model 

To facilitate prediction of the building load variation, an RC thermal network model was developed 

that captures the major dynamics of the DOE prototypical single family detached house. Figure 4 

presents the structure of the RC thermal network adopted in this study, which is a two-zone model 

predicting the variations of the living space and attic temperatures for given boundary conditions. 

Two wall branches are included, one for the external wall and the other for the roof, to capture the 

slow heat conduction between the ambient and indoor spaces, while a single-resistance branch is 

used to model fast thermal couplings, such as heat loss through windows and infiltration. An 

internal wall branch is present that characterizes additional thermal mass associated with internal 

walls and furniture. Applying energy balances to the temperature nodes and after time 

discretization, the following linear time-invariant state-space formulation can be obtained 

 𝒙𝑡+1 =  𝑨𝒙𝑡 + 𝑩𝑤𝒘
𝑡 + 𝑩𝑢𝑄𝑧

𝑡 

 

(9) 

 𝑇𝑧𝑜𝑛𝑒
𝑡+1 = 𝑪𝒙𝑡+1 

 

(10) 

where 𝒙 is the state vector containing all nodal temperatures of the thermal network, and 𝒘𝑡 is the 

disturbance vector comprised of outdoor temperature, internal loads and solar radiation effect. The 

state-space matrices 𝑨,𝑩𝑤 , 𝑩𝑢 and 𝑪 are dependent on the thermal resistances and capacitances 

of the thermal network. The model input is the average zone cooling rate (𝑄𝑧
𝑡) within each step, 

which is a sum of the cooling effects associated with the DX space cooling and PCM cooling: 

 𝑄𝑧
𝑡 = 𝑆𝐻𝑅𝑆𝐶 ⋅  𝑄𝑆𝐶

𝑡 + 𝑄𝑆𝐶,𝑃𝐶𝑀
𝑡  

 

(11) 
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where 𝑆𝐻𝑅𝑆𝐶 and QSC are the sensible heat ratio and zone cooling rate associated with the space 

cooling (SC) mode. The model was trained offline using EnergyPlus simulation results over a 

summer month. The training data was collected by imposing a pseudo-random binary sequence 

for the indoor temperature setpoint to ensure persistent excitation of the system. A robust model 

identification algorithm developed by the authors [40] was used in estimating the thermal 

parameters. Figure 5 shows the predicted cooling load profiles with the identified thermal network 

model in comparison with the EnergyPlus simulation results. The surrogate RC network model 

agrees well with the high-fidelity EnergyPlus model. Note that the RC network model is only used 

for control decision making while the simulation test bed still relies on EnergyPlus.  

To ensure indoor comfort, the zone cooling rate that is provided to the indoor space needs to keep 

the indoor temperature within a comfortable range, i.e. 

 𝑇𝑙𝑜𝑤𝑒𝑟
𝑡 ≤ 𝑇𝑧𝑜𝑛𝑒

𝑡 ≤ 𝑇𝑢𝑝𝑝𝑒𝑟
𝑡  

 

(12) 

where 𝑇𝑙𝑜𝑤𝑒𝑟
𝑡   and 𝑇𝑢𝑝𝑝𝑒𝑟

𝑡  denote the lower and upper temperature bounds. 

 
Figure 4: Building RC thermal network diagram 
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Figure 5: Thermal network model validation results for cooling load prediction 

 

 ASIHP model 

DX SC mode: The DX space cooling mode is simulated using the ASIHP model in EnergyPlus 

[41]. In this study, the water heating function in ASIHP was disabled. The performance curves for 

the space cooling mode were modified based on the performance data collected from the prototype 

unit in the laboratory. Within the ASIHP model, the space cooling function is modeled as a 

variable-speed air-source heat pump. Performance curves for two speeds were implemented in the 

model, capturing the low- and medium-stage cooling characteristics. For each stage, the cooling 

capacity (Qcap,SC) is calculated using a quadratic correlation with respect to the evaporator inlet air 

wet-bulb temperature (TRA,wb) and the outdoor air temperature (TOA) in the following form: 

 𝑄𝑐𝑎𝑝,𝑆𝐶,𝑆𝑖
𝑡 = 𝑄𝑐𝑎𝑝,𝑟𝑎𝑡𝑒𝑑,𝑆𝐶,𝑆𝑖 ⋅  QCurve𝑐𝑎𝑝,𝑆𝐶,𝑆𝑖(𝑇𝑂𝐴

𝑡 , 𝑇𝑅𝐴,𝑤𝑏
𝑡 )   (13) 

where Si indicates the compressor stage (1 for the low stage and 2 for medium stage), Qcap,rated,SC 

is the rated cooling capacity, and QCurve is the quadratic correlation for the correction factor in 

the form 

 QCurve𝑐𝑎𝑝,𝑆𝐶,𝑆𝑖(𝑇𝑂𝐴
𝑡 , 𝑇𝑅𝐴,𝑤𝑏

𝑡 )

= 𝐸1 + 𝐸2𝑇𝑅𝐴,𝑤𝑏
𝑡 + 𝐸3(𝑇𝑅𝐴,𝑤𝑏

𝑡 )
2
+ 𝐸4𝑇𝑂𝐴

𝑡 + 𝐸5(𝑇𝑂𝐴
𝑡 )2

+ 𝐸6𝑇𝑂𝐴
𝑡 𝑇𝑅𝐴,𝑤𝑏

𝑡  

(14) 

The QCurve coefficients are displayed in Table 2. The energy input ratio (EIR) for each stage is 

calculated using the same mathematical form but with different correlation coefficients. From the 

estimated cooling capacity and EIR, the compressor power can be obtained. The sensible heat ratio 

(SHR) is calculated using the bypass factor method, the default model in EnergyPlus [42]. When 

the cooling load is lower than the low-stage capacity, the compressor cycles between the “off” and 

low stages and the cyclic efficiency degradation is captured by the part load fraction correlation. 

When the compressor cycles between the low and medium stages, the compressor power is 

obtained through interpolation based on the ratio of the load to the respective capacities, which 

assumes no efficiency degradation caused by the cyclic operation.  



  Page 12 

Table 2: QCurve coefficients for compressor stage 1 and 2 

QCurve coefficient Compressor Stage 1 Compressor Stage 2 

E1 0.6342361663 0.6344320109 

E2 0.0282779325 0.0287830331 

E3 0.0003814091 0.000343747 

E4 -0.0024160678 -0.0019846664 

E5 -0.0000359165 -0.0000468194 

E6 -0.0002894469 -0.0002859058 

 

PCM charging mode: The high compressor stage is dedicated to the PCM charging mode, which 

is modeled as an air-cooled chiller. Since the ASIHP model in EnergyPlus does not support this 

operation mode yet, the PCM charging model is implemented in Python but follows the same 

model structure as shown in Equation  (13). The major differences are: (1) the evaporator air inlet 

wet-bulb temperature is replaced by the return chilled water temperature from the water-to-PCM 

heat exchanger and (2) SHR is not relevant and thus not calculated. The water-to-PCM heat 

exchanger is assumed to have an effectiveness of unity and thus, the return water temperature is 

set to follow the PCM temperature of the node closest to the chilled water flow (node 1 shown in 

Figure 3). This is a reasonable assumption considering the large PCM ceiling area.  

Figure 6 shows the ASIHP model validation results against the experimental data collected in 

the laboratory. The experimental test rig comprised of a three-stage scroll compressor with a rated 

capacity of 2-ton (7 kW) and three capacity levels (i.e., 100%, 67% and 45%). The indoor blower 

has a brushless direct current motor and back-curved impeller. An ASHRAE standard (ASHRAE 

Standard 37, 2019) code tester was used to measure the indoor air flow rate and air side capacity. 

The water side capacity was determined by measuring the inlet and outlet water temperature of the 

brazed plate heat exchanger and the water circulation flow rate. The indoor blower, outdoor fan 

and compressor power were each measured using power transducers. Power consumption of the 

water circulation pump was not considered. The PCM charging performance data was collected at 

a constant outdoor temperature of 23.5˚C while the return water temperature was gradually 

adjusted. During the tests, load was imposed using a resistive heater. The space cooling tests were 

conducted with a return air dry-bulb of 26.7˚C and relative humidity of 50%. The calibrated model 

agrees well with the actual system performance and was used in all the simulation tests.  
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Figure 6: ASIHP model validation results for the PCM charging (top) and space cooling (bottom) 

modes.  

 

 Control Strategies 
This section describes the proposed MPC strategy for the PCM-integrated air-source heat pump 

system (referred to as MPC-PCM case). To evaluate performance gains that can be brought by the 

proposed control solution and the PCM TES integration, three benchmarking scenarios are 

considered and simulated, namely a baseline control strategy without PCM storage (BC), a rule-

based controller for the PCM-integrated heat pump system (RBC), and a model predictive control 

strategy without PCM TES (MPC). The various strategies are discussed in the following 

subsections.  
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 BC strategy 

The BC case represents a scenario without the PCM ceiling where space cooling is purely reliant 

on the dual-stage air-source heat pump. The BC logic is simulated in EnergyPlus assuming perfect 

indoor temperature control, i.e., the compressor is staged to provide the exact cooling rate required 

to maintain the space temperature setpoint. A constant zone temperature setpoint of 23˚C is 

assumed throughout the whole day. Note that the BC case assumes the same heat pump 

characteristics but with the PCM charging mode disabled.   

 RBC strategy 

In the RBC case, the PCM ceiling is present but the charging of it follows a fixed schedule, which 

is displayed in Table 3. This strategy was designed based on simple heuristics: the total PCM 

storage capacity (only accounting for the latent heat) was first calculated and then charging rates 

were estimated assuming a five-hour charging period. The schedule of charging rate shown in 

Table 3 was obtained through offline parametric analysis, which achieves the most significant cost 

reduction while satisfying all operation constraints. In the RBC strategy, the PCM charging is 

enabled during the morning hours (7 AM to 12 PM) and the ASIHP is operated at a partial runtime 

that decreases over time to prevent the combined ASIHP runtime fraction surpassing 1, as the 

PCM charging mode is simulated outside EnergyPlus with the SC runtime fraction determined 

independently of the PCM charging schedule. The charging period is designed to end (12PM) two 

hours ahead of the on-peak period (2PM to 7PM) also to avoid simultaneous PCM charging and 

DX space cooling (see results in Section 5.2, the DX cooling is almost running full time 12PM to 

2PM). In the RBC strategy, the same constant zone temperature setpoint of 23˚C is assumed. This 

RBC scenario captures the potential of the PCM TES integration through heuristically determined 

operation schedules.  

Table 3: PCM charging runtime fraction schedule 

Time PCM charging runtime fraction 

7AM-8AM 0.6 

8AM-9AM 0.6 

9AM-10AM 0.5 

10AM-11AM 0.4 

11AM-12PM 0.4 

 

 MPC-PCM strategy 

The MPC-PCM strategy performs optimal scheduling of the ZAT and the PCM 

charging/discharging to achieve the maximum cost reduction by leveraging both the passive 

(building construction) and active (PCM) storage capacities of a building. The identified schedule 

tends to shape the PCM charge/discharge and space cooling load profiles in an optimal manner 

based on the predicted load and operating conditions. At each decision step, the controller takes 

the predicted load and weather conditions (perfect prediction assumed) and identifies the optimal 

operation schedules for the look-ahead time horizon, e.g., 24 hours in the case study. Only the 

decisions of the first time step are applied and the control decision making process is repeated for 

the next decision time step in a receding horizon scheme. In the case study, the decision and 

simulation time steps are both assumed to be 1 hour. The objective functions, constraints and 

numerical solver of the MPC-PCM strategy are described in the following subsections.  
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4.3.1 Objective function 

The control objective function is simply the total electricity cost that would be incurred by the 

control actions within the look-ahead time horizon: 

 

𝑚𝑖𝑛∑ 𝑟𝑡

𝑡𝑓

𝑡=𝑡0

⋅ (𝑃𝑆𝐶
𝑡 + 𝑃𝑃𝐶𝑀

𝑡 ) 

 

 

(15) 

where 𝑃𝑆𝐶
𝑡  , 𝑃𝑃𝐶𝑀

𝑡  represent the compressor electric power consumption in the SC and PCM 

charging modes, respectively, 𝑟𝑡 is the time-varying retail energy rate, 𝑡0 is the current time step, 

and 𝑡𝑓 is the final time step in the prediction horizon (𝑡𝑓 = 𝑡𝑜 + 24). The set of time slots in the 

look-ahead horizon is defined as  Γ = {𝑡𝑜 , … , 𝑡𝑓}. Note that this cost formulation only considers 

possible power uses during cooling seasons. A complete formulation considering all seasonal 

operations can be obtained by including a space heating mode. We consider a time-of-use (TOU) 

rate schedule in this study (Georgia Power TOU-REO-13 tariff schedule [43]). However, the 

strategy is flexible to accommodate other types of TOU rate schedules, e.g., tariffs with demand 

charges and tiered energy rates.  

Multiple operation constraints need to be satisfied during control decision making, which are 

introduced and discussed next.  

4.3.2 ASIHP system constraints 

We introduce the runtime fraction to represent the runtime of different modes in each decision 

time step (1 hour), and the corresponding compressor power and cooling rate can be calculated as: 

 𝑃𝑆𝐶
𝑡 = 𝑅𝑆𝐶,𝑆1

𝑡 𝑃𝑐𝑎𝑝,𝑆𝐶,𝑆1
𝑡 + 𝑅𝑆𝐶,𝑆2

𝑡 𝑃𝑐𝑎𝑝,𝑆𝐶,𝑆2
𝑡  (16) 

 𝑄𝑆𝐶
𝑡 = 𝑅𝑆𝐶,𝑆1

𝑡 𝑄𝑐𝑎𝑝,𝑆𝐶,𝑆1
𝑡 + 𝑅𝑆𝐶,𝑆2

𝑡 𝑄𝑐𝑎𝑝,𝑆𝐶,𝑆2
𝑡  (17) 

 𝑃𝑃𝐶𝑀
𝑡 = 𝑅𝑃𝐶𝑀

𝑡 𝑃𝑐𝑎𝑝,𝑀𝑃𝐶
𝑡  (18) 

 𝑄𝑃𝐶𝑀
𝑡 = 𝑅𝑃𝐶𝑀

𝑡 𝑄𝑐𝑎𝑝,𝑀𝑃𝐶
𝑡  (19) 

 0 ≤ 𝑅𝑆𝐶,𝑆1
𝑡 + 𝑅𝑆𝐶,𝑆2

𝑡 + 𝑅𝑃𝐶𝑀
𝑡 ≤ 1 (20) 

 𝑅𝑆𝐶,𝑆1
𝑡 , 𝑅𝑆𝐶,𝑆2

𝑡 , 𝑅𝑃𝐶𝑀
𝑡 ∈ [0,1] (21) 

where  𝑅𝑆𝐶,𝑆𝑛
𝑡 , 𝑛 ∈ {1,2} is the runtime fraction of the SC mode at compressor stage level 𝑛 (stage 

1 is the low stage and stage 2 is the medium stage), and 𝑅𝑃𝐶𝑀
𝑡  is the runtime fraction of the PCM 

charging mode. The total space cooling effect associated with the SC mode is the sum of cooling 

rates delivered during the low- and medium-stage operations. Note that in this control formulation, 

the part load efficiency degradation associated with cyclic operations between the “off” and low 

stages is neglected, i.e., the runtime fraction is equal to the part load ratio. This simplification does 

not cause much inaccuracy but can preserve linearity of the control model.  

4.3.3 PCM thermal dynamic constraints 
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Figure 7: PCM temperature-enthalpy curve 

The implicit finite control volume formulation of the PCM enthalpy dynamics given in Equation 

(3) is present in the control constraints for 𝑗 ∈  {2, . . . , 𝑁 − 1}  and 𝑡 ∈ Γ . Additional PCM 

constraints include Equation (4) to characterize the algebraic relationship between the PCM 

enthalpy and temperature, which is piece-wise linear with three segments. A mixed-integer 

formulation of the enthalpy-temperature relationship is established by introducing two sets of 

auxiliary variables 𝛄 ∈ 𝔹3 and ∈ ℝ+
4  : 

 𝑑1𝜆𝑗,1
𝑡 + 𝑑2𝜆𝑗,2

𝑡 + 𝑑3𝜆𝑗,3
𝑡 + 𝑑4𝜆𝑗,4

𝑡 = 𝑇𝑗
𝑡 (22) 

 𝑒1𝜆𝑗,1
𝑡 + 𝑒2𝜆𝑗,2

𝑡 + 𝑒3𝜆𝑗,3
𝑡 + 𝑒4𝜆𝑗,4

𝑡 = 𝐻𝑗
𝑡 (23) 

 𝜆𝑗,1
𝑡 + 𝜆𝑗,2

𝑡 + 𝜆𝑗,3
𝑡 + 𝜆𝑗,4

𝑡 = 1 (24) 

 𝜆𝑗,1
𝑡 ≤ 𝛾𝑗,1

𝑡  (25) 

 𝜆𝑗,2
𝑡 ≤ 𝛾𝑗,2

𝑡 + 𝛾𝑗,1
𝑡  (26) 

 𝜆𝑗,3
𝑡 ≤ 𝛾𝑗,3

𝑡 + 𝛾𝑗,2
𝑡  (27) 

 𝜆𝑗,4
𝑡 ≤ 𝛾𝑗,3

𝑡  (28) 

 𝛾𝑗,1
𝑡 + 𝛾𝑗,2

𝑡 + 𝛾𝑗,3
𝑡 = 1 (29) 

 𝛾𝑗,𝑖 
𝑡 ∈  𝔹, ∀𝑖 ∈ {1,2,3} (30) 

 𝜆𝑗,𝑔
𝑡 ≥ 0, ∀𝑔 ∈ {1,… ,4} (31) 

 

where 𝐝 = [𝑑1, 𝑑2, 𝑑3, 𝑑4]
⊤ are the temperatures and 𝐞 = [𝑒1, 𝑒2, 𝑒3, 𝑒4]

⊤ indicate the enthalpies 

of the four endpoints of the enthalpy-temperature curve shown in Figure 7. If the enthalpy falls on 

the 𝑖-th segment, the corresponding entry of 𝛄 (i.e., 𝛾𝑗,𝑖 
𝑡 ) is 1; otherwise, 𝛾𝑗,𝑖 

𝑡  is equal to 0. Any 

given enthalpy/temperature in the considered range can be represented as a linear combination of 

the four endpoints where the coefficients are 𝜆𝑗,𝑔
𝑡 . To ensure a unique representation, only the 

coefficients corresponding to the two endpoints of the active segment are non-zero; this is enforced 

by Equations (24) to (29). 
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4.3.4 Control formulation 

Integrating the control objective function and constraints introduced above results in the following 

control formulation for the MPC-PCM strategy  

 

𝑚𝑖𝑛∑ 𝑟𝑡

𝑡𝑓

𝑡=𝑡0

⋅ (𝑃𝑆𝐶
𝑡 + 𝑃𝑃𝐶𝑀

𝑡 ) 

 

(32) 

subject to  

{
 
 

 
 
Building thermal dynamic constraints: (8) − (10)

Building indoor temperature constraints: (11)

ASIHP operation constraints:  (14) − (19)

PCM thermal dynamic constraints: (2), (20) − (29)

PCM boundary constaints: (4) − (7)

 

Prediction of the building thermal dynamics in Equations (9) to (11) requires the initial state values, 

i.e., the nodal temperatures of the thermal network at the current time step. Only the zone air 

temperature is available from EnergyPlus and the other state variables are estimated using a 

Kalman filter-based state observer [44]. Note that the control problem above is nonlinear, non-

convex and involves integer variables. The nonlinearity mainly stems from the ASIHP operation 

constraints given in Equations  (13) and (16) to (19). To eliminate the nonlinearity and improve 

numerical feasibility, the following assumptions are made to pre-condition the optimization 

problem: 

 The return wet-bulb temperature to the evaporator is fixed at 18C;  

 The return water temperature for the PCM charging mode is fixed at 19.7C; 

 The SHR during the SC mode assumes a constant value of 0.7 

After the simplification, the control problem becomes a mixed-integer linear program and can be 

solved using mature commercial packages. This study uses the Gurobi solver [45] in the CVXPY 

Python suite [46] [47]. Note that the above assumptions are only applied in the control model while 

the simulation test bed still uses the nonlinear envelope and ASIHP models in EnergyPlus. The 

control model simplification may cause minor performance degradation but is critical for 

numerical feasibility.  

It may be noted that the proposed control strategy assumes identical thermal properties for the 

solid and liquid phases of the PCM. However, it can also handle phase-dependent PCM thermal 

properties with very minor changes. Taking into consideration the different thermal properties of 

the PCM in different phases, Equation (3) should be revised as   

 
ℎ𝑗
𝑡+1 =

∆𝑡 ∙ 𝑘𝑗
𝑡+1 ∙ (𝑇𝑗+1

𝑡+1 − 2𝑇𝑗
𝑡+1 + 𝑇𝑗−1

𝑡+1)

𝜌𝑗
𝑡+1(∆𝑥)2

+ ℎ𝑗
𝑡, ∀𝑗 ∈ 𝑁, ∀𝑡 ∈ Γ 

 

(33) 

where 

 

𝑘𝑗
𝑡+1 =

{
 
 

 
 𝑘𝑙                ℎ𝑗

𝑡+1 ≥ ℎ𝑠𝑙

𝑘𝑚 =
𝑘𝑙 + 𝑘𝑚

2
    0 ≤ ℎ𝑗

𝑡+1 ≤ ℎ𝑠𝑙

𝑘𝑠                 ℎ𝑗
𝑡+1 ≤ 0

  ∀𝑗 ∈ 𝑁, ∀𝑡 ∈ Γ 

 

(34) 
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𝜌𝑗
𝑡+1 =

{
 
 

 
 𝜌𝑙                ℎ𝑗

𝑡+1 ≥ ℎ𝑠𝑙

𝜌𝑚 =
𝜌𝑙 + 𝜌𝑚
2

    0 ≤ ℎ𝑗
𝑡+1 ≤ ℎ𝑠𝑙

𝜌𝑠                  ℎ𝑗
𝑡+1 ≤ 0

  ∀𝑗 ∈ 𝑁, ∀𝑡 ∈ Γ 

 

(35) 

𝑘𝑙 and 𝑘𝑠 represent the PCM thermal conductivity in liquid and solid phases, respectively, and 𝜌𝑙 
and 𝜌𝑠 are the density of PCM in liquid and solid phases, respectively. When the PCM is in the 

state of melting/solidifying, its thermal properties are assumed to be the average of its liquid and 

solid properties. The above PCM thermal dynamic formulation has the thermal parameters 

following piecewise relationships with the enthalpy. To eliminate the nonlinearities in the 

optimization problem, the phase-dependent PCM thermal dynamic model can be reformulated into 

the following mixed integer form with the classic “big M” method: 

 
−𝑀 ∙ (1 − 𝛾𝑗,𝑖

𝑡+1) ≤ ℎ𝑗
𝑡+1 −

∆𝑡 ∙ 𝑘𝑖 ∙ (𝑇𝑗+1
𝑡+1 − 2𝑇𝑗

𝑡+1 + 𝑇𝑗−1
𝑡+1)

𝜌𝑖(∆𝑥)2
− ℎ𝑗

𝑡

≤ 𝑀 ∙ (1 − 𝛾𝑗,𝑖
𝑡+1), 

 

(36) 

where 𝑘𝑖 and 𝜌𝑖 are the 𝑖th element of the vector 𝒌 = [𝑘𝑠, 𝑘𝑚, 𝑘𝑙]
𝐓 and 𝝆 = [𝜌𝑠 , 𝜌𝑚, 𝜌𝑙]

𝐓. The new 

control formulation would just need to replace the original PCM dynamic constraints in Equation 

(3) with the above equation. 

 MPC case without PCM TES 

To separate the cost reduction potentials of the MPC control strategy and the PCM TES integration, 

a fourth case is considered where the MPC strategy is applied to manipulate the building sensible 

load profile through the passive storage only while the PCM TES is assumed to be absent. In this 

case, the MPC identifies the optimal ZAT trajectory that minimizes the total electricity cost, with 

the following control formulation: 

 

𝑚𝑖𝑛∑ 𝑟𝑡

𝑡𝑓

𝑡=𝑡0

⋅ (𝑃𝑆𝐶
𝑡 ) 

 

(37) 

subject to  

{

Building thermal dynamic constraints: (8) − (10)

Building indoor temperature constraints: (11)

ASIHP operation constraints:  (14) − (19)

 

The same control simplifications discussed in Section 4.3 are applied to ensure numerical 

tractability. The obtained formulation is a linear program, the solution of which is much easier and 

can be handled by Gurobi. The difference in the cost savings between the MPC and MPC-PCM 

cases represents savings potential associated with the PCM TES integration. 

  Case Study Results 
Simulation tests were performed for a 3 days in July using the aforementioned control strategies, 

i.e., BC, RBC, MPC and MPC-PCM. A 1-hour time step was used for all simulation cases, and the 

MPC was implemented using a 24-hour look-ahead time horizon and a 1-hour decision time step. 

The cooling season ZAT upper and lower bounds assumed 23C and 20C, respectively, 
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throughout the day for all cases. Table 4 displays the TOU electricity rates used in the simulation, 

based on the Georgia Power TOU-REO-13 tariff schedule [43]. The rate structure is comprised of 

two pricing periods—on-peak and off-peak. The on-peak period is from 2 PM to 7 PM, and the 

rest of the day is considered off-peak. The on-peak electricity price is approximately 4 times the 

off-peak price, which coincides with the high electric demand on the grid and incentivizes load 

shifting from on-peak to off-peak periods. It may be noted that this tariff does not include a demand 

charge, so there is no penalty for increases in the peak electricity demand. 

Table 4: Summer TOU electricity rates 

Rate Periods Hours Price (¢ per kWh) 

On-peak 2 PM to 7 PM 20.3217 

Off-peak 12 AM to 2 PM and 7 PM to 

12 AM 

5.1638 

 

Overlay plots of the simulated diurnal variations of key operational variables for all four strategies 

are shown in Figure 8 to Figure 23. The on-peak period is marked using the pink shaded area in 

all plots. A summary of the energy consumption and costs is displayed in Table 5. Figure 8 displays 

the variation of the ZAT and outdoor temperature (OAT) for all cases. For the RBC, MPC and 

MPC-PCM cases, the ZAT is maintained within the comfort band of 20C-23C. For the BC case, 

the ZAT is maintained at 23C for most of the simulation period except for hours 17 and 41 (both 

5 PM) where the ZAT occasionally rises to 23.3C. The slight ZAT excursion is caused by the 

EnergyPlus sizing strategy, which auto-sizes the ASIHP system such that the cooling load will be 

sufficiently met for 99.6% of the time while the simulated days are the hottest of the year. Such 

temperature excursions are absent in the other strategies, showing the benefit of the PCM storage 

and advanced controls in comfort improvement.  
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Figure 8: OAT and ZAT profile for the 3-day simulation of BC, RBC, MPC and MPC-PCM 

cases 

 BC results 

The BC case is representative of the normal operation of an AC system without any PCM TES or 

advanced controls. Figure 9 and Figure 10 display the sensible and total cooling rates, respectively, 

delivered by the ASIHP unit in the SC mode. The peak cooling load coincides with the on-peak 

period when the outdoor temperature is at its highest resulting in significant heat gains from the 

ambient. The HVAC power (displayed in Figure 11) is also the highest during the on-peak period 

as the compressor runs at the medium stage and with longer duty cycles to provide sufficient 

cooling. Figure 12 displays the compressor speed level; the controller operates the compressor at 

the highest SC stage continuously during the high load periods of the first two simulation days 

(coinciding with ZAT excursions). When the compressor cycles between two adjacent stages, the 

average speed level weighted by the respective runtime fractions is plotted. Approximately 37% 

of the total HVAC electric energy is consumed during the on-peak period, which is only 20.8% of 

the overall simulation period. This indicates a good peak load shifting potential through control 

optimization.  

 RBC results 

For the RBC case, the ZAT setpoint is maintained constant, while the actual ZAT drops below its 

setpoint resulting in a zero mechanical cooling load during the early morning periods (around 

midnight to 8AM). This early pre-cooling action is not triggered by the RBC strategy as it involves 

a constant ZAT setpoint. Overcooling of the indoor space is caused by the self-discharge of the 

PCM, which generates a space cooling effect greater than the baseline sensible cooling load during 

the early mornings (see Figure 9). This is also evident from the liquid volume fraction (LVF) plot 

displayed in Figure 23, which is determined by averaging the ratio of the PCM enthalpy to hsl 

across all control volumes—the LVF is 1 when the enthalpy is greater than hsl (fully melted) and 

0 when the enthalpy is less than 0 (fully solidified). In the RBC case, the PCM is still melting 

during the early morning periods (LVF is ascending) resulting in a self-discharge of the “cooling” 
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energy. This overcooling of the space takes place before the onset of the PCM charging period and 

helps charge “cooling” energy into the building thermal mass; however, the stored cooling energy 

is fully released before the on-peak hours as shown by the gap between the baseline curve and the 

red area in Figure 9. Therefore, the coincidental pre-cooling action does not contribute any load 

shifting. In the first simulation day, there is some residual charge in the PCM from the previous 

day (warm-up period).  

The RBC strategy reduces the total ASIHP cooling load (total DX coil load plus the cumulative 

PCM charge) by 7.8%, as shown in Table 5 and also evident by Figure 10. The PCM is never fully 

charged so the temperature of the PCM surface exposed to the room air is always higher than the 

melting point, which is chosen to be high enough (19.7˚C in this study) to prevent formation of 

condensate on the ceiling surface, i.e., the PCM ceiling is designed not to handle any latent load. 

Since the DX coil sensible load is significantly offset by the PCM cooling effect (the PCM cooling 

accounts for 59.7% of the total space sensible cooling requirement), the DX SC runtime is much 

lower leading to reduced cumulative latent cooling effect and moisture removal. As a result, the 

average zone relative humidity increases from 57.9% for the BC case to 70.6% for the RBC case. 

Despite delivering lower total DX cooling energy, the RBC strategy delivers more sensible cooling 

to the indoor space (PCM charging and SC mode combined)—an increase of 3.9% compared to 

the BC case. The increase in sensible cooling delivery is due to the space overcooling in the early 

mornings and the residual thermal energy stored in the PCM at the end of the third day, which can 

be clearly seen from Figure 23. This represents a minor disadvantage of the RBC strategy as it 

cannot foresee the operation requirement of the following day and thereby is not able to guarantee 

PCM charge/discharge neutrality in a day. The unused thermal energy in the PCM can still help 

offset the cooling load of the next day, but in a non-coordinative manner. Because of the positive 

net “cooling” energy stored in the PCM, the cost calculation is unfavored as we only look at the 

3-day results. However, the residual energy is only 1.6% of the cumulative PCM charge so its 

impact on the estimated cost savings potential is small.  

Figure 13 compares the operational COP of the different cases. The RBC strategy results in a 

slightly lower average system COP (4.2) than the BC case (4.4). It should be noted that the average 

space cooling COP is actually increased with the RBC strategy because (1) the higher indoor 

humidity level contributes to efficiency improvement with elevated evaporator air inlet enthalpy 

and evaporation temperatures; and (2) with a fraction of the load handled by the PCM, the DX 

system runs predominantly on the low stage during the peak hours which involves a much higher 

efficiency compared to the medium stage (see Figure 12 and Figure 13). However, the PCM 

charging COP is approximately 20% lower than the space cooling COP and since the PCM handles 

more than half of the sensible cooling load, the overall system COP is dominated by the PCM 

charging COP and thereby, is lower in the RBC case. The RBC operates the ASIHP to charge the 

PCM in the morning hours at a higher efficiency, leading to reduced operations of the system in 

the afternoon when the COP is lower. With the total load reduction outweighing the system 

efficiency degradation, the RBC results in a 3.2% reduction in the total HVAC electrical energy 

use.  

The implementation of the RBC reduces the total electricity cost by 20.4% over the BC case. In 

addition to reduction of the ASIHP energy consumption, the cost reduction is also attributed to 

shifting of a portion of the cooling load from on-peak to off-peak periods, which is illustrated in 

Figure 11. The RBC case achieves the electric load shifting by running the chilled water to the 

PCM ceiling during the off-peak period to store “cooling energy” in the PCM which is then 
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released to the indoor space during the on-peak period. During the discharge process, the cold 

PCM absorbs heat from the room through radiant and convective heat transfer, which offsets the 

indoor cooling load and reduces the cooling power use. The discharge process occurs naturally 

with the discharge rate dependent on the temperature difference between the ceiling surface and 

the indoor space. Due to the lack of active control, the cooling discharge extends beyond the on-

peak period and lasts throughout the rest of the day.   

 

 
Figure 9: Zone sensible cooling rate profile for the 3-day simulation of BC and RBC cases 
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Figure 10: Zone total cooling rate profile for the 3-day simulation of BC and RBC cases 

 

 
Figure 11: Total HVAC power profile for the 3-day simulation of BC and RBC cases 
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Figure 12: Compressor speed level profile for the 3-day simulation of BC and RBC cases 

 

 
Figure 13: COP profile for the 3-day simulation of BC and RBC cases 
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passive thermal mass, associated with the construction materials and indoor furniture. During the 

on-peak hours, the ZAT is adjusted upwards allowing release of the stored “cooling” energy to 

offset the indoor cooling requirement. Figure 14 illustrates this effect: there is an increase in the 

DX SC mode sensible cooling rate in the hours preceding the on-peak period, which is followed 

by a sharp decrease in the sensible cooling rate at the onset of the on-peak period. The MPC 

strategy increases the total DX cooling energy by 3.2% compared to the BC case because more 

cooling is required during the pre-cooling period to compensate for the greater heat gains from the 

ambient due to the increase in the temperature difference between the indoor and outdoor spaces. 

However, the implementation of the MPC strategy reduces the total electricity cost by 3.9% over 

the BC case, mainly through the shifting of the ASIHP electric consumption from the on-peak to 

off-peak periods, which is illustrated in Figure 16. Compared to the MPC-PCM case (to be 

discussed in the next section), the MPC strategy undertakes more aggressive pre-cooling actions 

with lower pre-cooling temperatures to enable deeper utilization of the passive building thermal 

mass, in the absence of the PCM storage. The precooling time is chosen to be right before the on-

peak period, instead of the early morning high-efficiency hours, because the increase of heat gains 

for earlier pre-cooling significantly outweighs the COP enhancement benefit. As a consequence, 

the average COP in the MPC case is almost identical to that of the BC case.  

 
Figure 14: Zone sensible cooling rate profile for the 3-day simulation of BC and MPC cases 
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Figure 15: Zone total cooling rate profile for the 3-day simulation of BC and MPC cases 

 

 
Figure 16: Total HVAC power profile for the 3-day simulation of BC and MPC cases 
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Figure 17: Compressor speed level profile for the 3-day simulation of BC and MPC cases 
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hours of the day; and (2) utilization of the passive building thermal mass through precooling of the 

indoor space prior to on-peak hours. Because of (1), the MPC-PCM strategy achieves a higher 

average system efficiency compared to the RBC case (still lower than the BC case). Figure 22 

compares the operational COP for the various cases. An additional 6.7% electricity cost savings is 

enabled by the MPC-PCM strategy beyond the 20.4% savings achieved in the RBC case, resulting 

in a total electricity cost reduction by 27.1%. By combining both the passive and active energy 

storage capacities, the MPC-PCM case achieves the lowest electricity cost out of the four 

simulation cases. Unlike the RBC case, the MPC-PCM case can predict a day ahead and ensure 

the energy stored in the PCM is fully utilized by the end of the day as shown in Figure 23. This 

maximizes the load shifting capabilities despite the PCM zone cooling energy accounting for less 

(53.3%) of the total zone sensible cooling energy in the MPC-PCM case. 

To further evaluate the electricity cost savings potential of the proposed PCM TES solution, a 

month-long simulation study for July was conducted as an extension of the 3-day simulation. The 

month-long electricity cost for the BC, RBC and MPC-PCM cases were $82.22, $73.43( 10.7%) 

and $62.87( 23.5%), respectively. The monthly percentage savings of the proposed MPC strategy 

relative to the baseline case were comparable to the 3-day simulation results, while much lower 

monthly cost savings were achieved for the RBC case. The poor performance of the RBC case was 

expected as the control settings were carefully fine-tuned to maximize the performance during the 

3 simulated days which may be sub-optimal in other days. The results clearly demonstrate the 

superior performance of the MPC strategy which could provide consistent savings requiring no 

engineering inputs in the execution phase.  

 

 
Figure 18: Zone sensible cooling rate profile for the 3-day simulation of BC and MPC-PCM 

cases 
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Figure 19: Zone total cooling rate profile for the 3-day simulation of BC and MPC-PCM cases 

 

 
Figure 20: Total HVAC power profile for the 3-day simulation of BC and MPC-PCM cases 
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Figure 21: Compressor speed level profile for the 3-day simulation of BC and MPC-PCM 

cases 

 

 
Figure 22: COP profile for the 3-day simulation of BC and MPC-PCM cases 
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Figure 23: LVF profile for the 3-day simulation of RBC and MPC-PCM cases 

 

  

0

0.2

0.4

0.6

0.8

1

1.2

0 12 24 36 48 60

Li
q

u
id

 V
o

lu
m

e 
Fr

ac
ti

o
n

 (
[0

,1
])

Hour (h)

On-Peak RBC MPC-PCM



  Page 32 

 

Table 5: Summary of 3-day simulation results for four control cases 

 BC RBC MPC MPC-PCM 

COP 4.4 4.2 4.4 4.3 

Average 

Relative 

Humidity (%) 

57.9 70.6 58.2 70.1 

PCM Space 

Cooling Energy 

(kWh) 

— 137.4 — 123.1 

DX SC mode 

Sensible Cooling 

Energy (kWh) 

221.2 92.8 225.9 107.7 

DX SC mode 

Latent Cooling 

Energy (kWh) 

85.0 49.7 87.1 52.9 

DX SC mode 

Total Cooling 

Energy (kWh) 

306.2 142.5 313.0 160.6 

PCM Charging 

Energy (kWh) 

— 139.7 — 122.4 

Total ASIHP 

Cooling Energy 

(kWh) 

306.2 282.2 (↓7.8 %) 313.0 (2.2 %) 

 

283.0 (↓7.6 %) 

 

On-Peak HVAC 

Electric Energy 

(kWh) 

25.4 16.2 (↓36.2 %) 22.7 (↓10.6 %) 13.3 (↓47.3 %) 

Off-Peak HVAC 

Electric Energy 

(kWh) 

43.7 50.7 (16.0 %) 48.6 (11.2 %) 52.1 (19.2 %) 

Total HVAC 

Electric Energy 

(kWh) 

69.1 66.9 (↓3.2 %) 71.3 (3.2 %) 65.4 (↓5.4 %) 

Total Electricity 

Cost ($) 

7.41 5.90 (↓20.4 %) 7.12 (↓3.9 %) 5.40 (↓27.1 %) 

 

 Conclusions 
This paper presented a model-based predictive control strategy for PCM-embedded ceiling energy 

storage deployed with an ASIHP. The inherent nonlinearity in the PCM heat transfer process and 

ASIHP component model make the control problem difficult to solve directly. Conventional 

gradient-based algorithms are not suitable because of the non-differentiability of the piecewise 

linear PCM temperature-enthalpy relationship. To address this numerical issue, the PCM thermal 

dynamics were characterized using a mixed-integer linear formulation. In addition, the ASIHP 

model used in the controller was simplified by assuming a fixed return air wet-bulb temperature 
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to the evaporator and a fixed return water temperature to eliminate the nonlinear couplings between 

the ASIHP and envelope models and improve numerical feasibility. With these reformulations, the 

final control problem was converted to a mixed-integer linear program which can be handled using 

mature solvers. 

Three baseline control strategies were considered and simulated to evaluate the benefits of the 

proposed predictive control strategy using a simulation case study involving a residential building 

and a TOU electricity rate schedule. The predictive strategy achieved the highest electricity cost 

savings (27.1%) while a rule-based strategy employing a pre-determined PCM charge/discharge 

schedule resulted in noticeably lower cost savings (20.4%). The proposed predictive control 

strategy made effective use of both the passive building thermal mass and the PCM storage to 

achieve deep load shifting: activation of the building thermal mass was accomplished through pre-

cooling the zone right before the on-peak period, while the PCM was charged by turning on the 

chilled water circuit in the very early morning when the refrigeration efficiency was the highest.  

It was found in the cases study that the use of the PCM TES could cause potential humidity control 

issues. This is because the cooling delivery through the PCM ceiling offsets more than half of the 

DX coil sensible load, which reduces the DX coil run time and its dehumidification capability. 

This finding indicates a potential improvement in the current ASIHP design to enhance the 

moisture removal capacity of the DX coil. In this study, the size of the ASIHP was assumed 

identical across all the simulated scenarios. A more practical design of the ASIHP should size the 

different components according to the specific configuration. For systems integrated with PCM 

TES, a smaller DX coil can be employed due to the reduced DX load. Further, the results show 

the potential of the predictive control strategy and the PCM TES to manipulate a building’s diurnal 

load profile through zone temperature and PCM charge/discharge controls. This load shifting 

ability can be leveraged to reduce the capacity requirement and downsize the mechanical 

equipment, which can help offset the cost of the PCM TES and improve the economics of this 

solution package. 
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