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ABSTRACT 

 

This paper presents a novel energy storage solution by incorporating phase change material (PCM) panels in supply 

ducts to increase a building’s thermal storage capacity and demand flexibility. During off-peak hours, the system runs 

at a supply air temperature (SAT) below the PCM solidification point to charge the storage unit with “cooling” energy. 

During on-peak hours, a higher SAT is utilized so that the stored “cooling” energy can be discharged into the supply-

air as a means to reduce the peak air-conditioning power usage. To evaluate the potentials of peak demand reduction 

and utility cost savings, a numerical model for a PCM panel prototype and its heat exchange with the air flow in the 

duct was developed and calibrated using experimental data. Whole building energy simulations were conducted in a 

co-simulation environment that has integrated the developed PCM model, EnergyPlus Department of Energy (DOE) 

prototypical model for a medium office building and a calibrated model for variable-speed direct-expansion cooling 

systems. The simulations covered five cities in different U.S. climate zones over a three-month cooling season and 

used actual time-of-use (TOU) rate schedules offered by the local electric utility companies. The simulation results 

have shown the PCM storage could reduce the on-peak energy consumption by 23-32% and the seasonal cooling 

electricity cost by up to 16%, with a simple rule-based control strategy. A simple payback analysis resulted in payback 

periods from 7.5 to 27 cooling months. 

 

1. INTRODUCTION 

 

While the introduction of renewable energy sources has provided an alternative to fossil fuels with much reduced 

greenhouse gas emissions, their limited window of availability (particularly solar energy) has resulted in the rapid 

ramping of fossil fuel power plants to make up for the energy shortfall during the evening hours [1]. The misalignment 

of supply and demand is increasing the pressure on the electric grid to maintain reliable and efficient operations. One 

of the most cost-effective solutions in mitigating the supply and demand balancing issue is to shift the load of the grid 

from peak periods to off-peak hours. In the U.S., commercial and residential buildings together account for about 73% 

of the total electricity consumption; Heating, Ventilation and Air-Conditioning (HVAC) systems account for 27% and 

30% of the electricity in commercial and residential buildings, respectively [2] [3]. Furthermore, the square footage 

of commercial and residential buildings increased by 78% and 73% between 1978 and 2008, respectively [4]. This 

trend indicates that buildings and their HVAC systems will continue to be a significant contributor to the U.S. 

electricity consumption, which makes buildings an attractive area to implement energy savings and peak load 

reduction strategies. Thermal energy storage (TES) can be implemented in buildings using sensible or latent heat to 

alleviate the electrical power supply and demand imbalance issues on the electric grid [5]. Sensible heat storage 

involves using a building’s thermal mass as a virtual battery by increasing or decreasing the temperature of the building 

envelope while latent heat storage makes use of the heat of fusion of a phase change material (PCM) to input/release 

energy into/from the material during the phase change process. 

The use of PCM as latent heat storage in buildings has been investigated in many studies. Iten et al. [5] conducted a 

review of free cooling TES and PCM incorporated in building envelopes to increase building thermal mass. For this 

design, charging and discharging of the energy storage is driven by variation of the outdoor or indoor temperature. 

Saffari et al. [6] investigated the energy savings and comfort improvement potentials for PCM-embedded walls. The 

PCM performed as a thermal barrier between the hot ambient air and the conditioned indoor space, which decreased 

the interior wall surface temperature and allowed for the occupant’s comfort to be maintained with a higher indoor air 

temperature. This resulted in a maximum annual energy savings of 11-15% in Madrid, Spain. Neeper [7] investigated 
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the thermal dynamics of a wallboard impregnated with PCM. The study found that the maximum diurnal energy 

storage occurs at a value of the PCM melt temperature close to the average room temperature in most circumstances. 

The diurnal storage that can be achieved in practice may be limited to a range of 300–400 kJ/m2, even if the wallboard 

has a greater latent capacity. However, the investigation used a pre-determined hourly room temperature profile, and 

the effect of the PCM on the room temperature was not considered. Sleiti and Naimaster [8] investigated the 

performance of organic (fatty acid based) PCM products in ceiling construction for a simulated quick service 

restaurant located in Atlanta, GA. The study found that the PCM storage considered was not able to achieve any 

significant HVAC energy savings, because the energy stored in the PCM during the day was released back to the 

indoor space at night. However, there is potential for energy cost savings if this is conducted with time-of-use (TOU) 

rate schedules. In a combined experimental and numerical study, Athienitis et al. [9] investigated the potential of a 

PCM-impregnated gypsum board to alleviate the overheating of a passive solar heated test room with south facing 

windows during a winter day. The PCM was able to absorb the excess heat and reduced the maximum indoor air 

temperature by 4 °C and maximum indoor wall surface temperature by 6 °C, which improved thermal comfort. Lin et 

al. [10] studied the inclusion of a PCM layer between electrical heating elements (below the PCM) and air plenum 

(above the PCM) in an under-floor air distribution system. The electrical heating was energized during the nighttime 

hours to melt the PCM and store heat and turned off during the peak daytime hours while the supply fans blew 

circulation air over the PCM layer to carry the released heat to the indoor space. PCM has also been incorporated in 

window panes and shutters to minimize solar heat gains through the window [11] [12]. One of the limitations for the 

above-mentioned passive systems is that the air-to-PCM heat transfer is low due to the reliance on natural convection, 

and the small temperature difference limits the effectiveness and heat penetration depth in the PCM. 

Harvesting free “cooling energy” using a TES is a promising technique that involves using cold nighttime air to cool 

the indoor space during the day [13]. At night, cold outdoor air is circulated through the PCM storage unit, which 

solidifies the PCM and stores “cooling” energy in it. During the day, hot air from the room is circulated through the 

PCM storage unit, which melts the PCM and delivers cooled air to the indoor space. Zalba et al. [14] designed an 

experimental installation to study a PCM free cooling system using an air-to-PCM heat exchanger. They developed a 

characteristic model to estimate the melting and solidification time using the thickness of the PCM encapsulation, the 

inlet temperature of the air, and the air flow rate. Mosaffa et al. [15] performed a numerical investigation on the 

performance enhancement of a free cooling system using TES units with multiple PCMs in series to maintain a 

constant air-PCM temperature difference in the airflow direction. They modeled the PCM melting and solidification 

processes using the heat capacity method and the model was used for optimization of design parameters, e.g., PCM 

slab length and thickness, and the air passage width, to achieve the maximum storage COP (defined as the ratio 

between total heat absorbed by PCM and the cumulative fan energy consumption). Anisur et al. [16] investigated 

analytically and experimentally a shell-tube latent heat storage system using heptadecane with a melting point of 

22.33°C. The study found that a higher inlet temperature led to a higher storage COP. Osterman et al. [17] studied the 

performance of a latent heat storage unit experimentally and numerically using Fluent. In the summer, free “cooling” 

energy was stored in the PCM using cold night air, and in winter months, free heat was stored in the PCM during the 

day using a solar air collector and released to the indoor space at night. The study found that the largest winter savings 

occurred in March because of the highest availability of solar heat, and the largest cooling storage occurred in July 

and August because of the larger diurnal temperature fluctuations. Takeda et al. [18] investigated the reduction of the 

ventilation load during summer in various Japanese cities by installing a packed bed of PCM granules in the supply-

air ventilation duct. When the outdoor temperature is lower than the room temperature, two separate streams of outdoor 

air flow into the room and through the PCM bed to simultaneously charge the PCM and cool the indoor space; the 

airflow leaving the PCM section is ducted to the ambient. When outdoor air temperature is higher than room air, the 

induced outdoor air is cooled by the PCM bed first before entering the room. The maximum ventilation load reduction 

was shown to be up to 62.8% in Kyoto. Yanbing et al. [19] analyzed the thermal behavior of a Night Ventilation with 

PCM Packed Bed Storage (NVP) and determined convective heat transfer coefficients of 12 to 19 W/m2·°C and flow 

pressure drop across the PCM of less than 20 Pa.  

A variant of the PCM-assisted nighttime free “cooling” solution is to utilize PCM storage to shift loads to periods with 

cheaper, instead of completely free, “cooling” resources. The reduced cost stems from higher cooling efficiency and/or 

lower electricity price. Hong et al. [20] performed an experimental study on the load shifting capabilities of PCM 

integrated in the supply duct. The variation of the zone temperature of an office space was recorded for two cases 

when the chiller circuit was turned off during the afternoon hours; in the PCM-equipped case, the supply fan blew air 

through the PCM section and into the room, and in the baseline case, both the chiller circuit and the fan were turned 

off. They found that the room air temperature rose by 3C within an hour for the baseline case and 0.8C within 2.5 
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hours for the PCM-equipped case. Subsequently, Hong et. al [21] performed a simulation study of the same system, 

which optimized the charging and discharging schedule to reduce the daily electricity cost. Bypass ducts were 

employed to prevent the unnecessary loss of energy to the room and through the building envelope when cooling is 

not required. They found that the optimal schedule reduced the cooling electricity cost by 15.6%. Application of TES 

to harvest free or low-cost “cooling” energy holds good promise to reduce building energy consumption and cost. 

However, the requirement of a bypass duct/dampers to achieve active control of charging/discharging significantly 

increases the upfront cost and required space, limiting widespread deployment of the technology.   

PCM TES has also been implemented in solar cooling systems to provide cooling when solar energy is unavailable 

[13]. For example, Helm et al. [22] studied the benefits of a solar-driven absorption cooling system that uses a dry air 

cooler and a PCM storage unit in series instead of a conventional wet cooling tower in the condensing water loop. 

They found that energy consumed by the heat rejection can be shifted to night-time or off-peak hours with lower 

ambient temperatures. Helm et al. [23] performed a subsequent study of a similar solar-driven absorption cooling 

system that consisted of four pilot installations between 7 kW and 90 kW nominal cooling capacity and latent heat 

storage capacity between 80 kWh and 240 kWh. Annual in situ measurement data demonstrated an increase of the 

seasonal energy efficiency ratio (SEER) from 8.6 to 11.4, and simulations under different climatic conditions indicated 

a rise in efficiency of up to 64% compared to a system with solely dry air cooling. Belmonte et al. [24] performed a 

feasibility study for the integration of a dry air cooler and PCM TES in the heat rejection circuit of absorption solar 

cooling systems for the residential sector in Spain. They found that the dry air cooler and PCM storage could improve 

the chiller’s COP in humid climate regions where the wet cooling tower has limited heat rejection capabilities but 

deteriorate the COP in hot climate regions where the PCM cannot be effectively charged during nighttime hours. 

Dedicated ice storage is a mature latent heat storage solution with validated field deployments [25] [26]. Ice can be 

stored in tanks and employed to shift the energy demand from on-peak to off-peak hours [27]. Yau and Lee [28] 

conducted a simulation study using TRNSYS and Typical Meteorological Year (TMY) weather data for Kuala 

Lumpur. They employed an ice-slurry cooling storage system in a library building, which increased the cumulative 

energy consumption by 20% compared to the existing system. However, the shifting of the chiller load to the off-peak 

period led to energy cost savings of about 24%. Morgan and Krarti [29] investigated the peak cooling shifting 

capability of ice thermal storage in a Colorado elementary school. A 50-ton scroll compressor charges three ice tanks 

during the night, and the stored cooling is used during the day while the chiller is kept in assist mode to handle 

unexpected cooling loads. They found that the ice storage system could achieve annual energy cost savings of around 

47% for a flat rate tariff of $0.0164/kWh with a demand charge of $11.24/kW. Despite the cost savings potential of 

ice storage systems, their applications are limited to large commercial installations due to the complicated design, high 

capital investment and maintenance costs. 

This paper presents a new PCM energy storage solution integrated in the supply duct of HVAC systems, which can 

be dynamically charged or discharged by adjusting the supply air temperature (SAT) setpoint. Compared to the 

previously reported PCM energy storage designs, the proposed solution has a major novelty in its high flexibility and 

controllability for energy charge and discharge, achieved through dynamic SAT reset, with much reduced 

installation/retrofit costs (no bypass duct loop required) and minimum comfort impact. Specifically, the unique 

advantages of the proposed solution include:  

 Low cost: the storage unit is easy to install and requires little to no retrofits; 

 No disturbance to comfort delivery: charging/discharging occurs without affecting the indoor temperature; 

 Easy control implementation: SAT schedules can be easily programmed in building automation systems to 

enable charging/discharging of the storage; 

 Effective storage utilization: high heat exchange rate between the storage unit and supply air can be achieved 

due to forced convection, large heat exchange area and greater temperature difference; 

 Controllable charge/discharge rate: charge/discharge rate can be dynamically controlled through SAT reset 

to provide on-demand energy storage.  

A comprehensive assessment of the proposed solution in terms of energy cost savings and peak electric demand 

reduction is presented with the aid of a co-simulation platform that integrates through the functional mock-up interface 

(FMI) (i) a dynamic model for a PCM storage prototype developed and calibrated with experimental data, (ii) a 

calibrated variable-speed cooling system model that captures cooling efficiency variation under different SAT settings 

and load conditions, and (iii) the EnergyPlus prototypical model for medium office buildings. Parametric simulations 

were carried out for five different climate locations along with representative TOU rate schedules offered by the local 
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utilities. Key simulation results, including energy consumption, electricity costs, peak electrical demand, payback 

periods and indoor comfort impact, are reported and discussed in this paper. 

 
Figure 1: Proposed PCM storage location 

 

2. IN-DUCT PCM ENERGY STORAGE 
 

The proposed in-duct PCM latent energy storage solution is displayed in Figure 1. The PCM is located in the supply 

duct to take advantage of the forced convection heat transfer provided by the circulating air, which improves the heat 

transfer rates to/from the PCM compared to PCM embedded in the building envelope. The SAT will be lowered to 

initiate the PCM solidification (PCM charging) and store “cooling” energy in the PCM during periods with low 

electricity prices and/or low ambient temperatures. During on-peak hours, the SAT is increased to initiate the PCM 

melting process (PCM discharging) as a means to reduce electrical energy usage and peak demand. The proposed 

solution can significantly increase the power flexibility of a building and effectively reduce building electricity costs 

when TOU electricity rates are present. The economic benefit can be even greater for participation in power ancillary 

service markets [30]. The PCM charging and discharging control can be achieved by pre-programming a SAT schedule 

within a building management system (BMS) according to the subscribed TOU rate tariff. Although this study focuses 

on performance assessment of installations in commercial buildings, the solution can also be deployed in residential 

buildings through appropriate control over supply fan cycling. The application in residential HVAC systems will be 

addressed in a future study.  

The proposed technology represents a low-cost energy storage solution, particularly suited for residential and light to 

medium-sized commercial buildings, which traditionally have limited deployment of energy storage due to financial 

barriers. The solution does not require any bypass ducts or dampers, so it suits both new construction and retrofit 

applications, which is a major advantage compared to most of the free cooling solutions. 

3. SIMULATION TEST BED 

 
To facilitate performance assessment, a simulation test bed has been constructed based on co-simulation of (i) a 

numerical model of the proposed PCM storage that was calibrated using experimental data collected for a prototype 

PCM module, (ii) a variable-speed direct-expansion (DX) cooling system model that has been previously validated 

with both experimental and manufacturer performance data [31], and (iii) the U.S. Department of Energy (DOE) 

prototypical medium office building models for five different climate locations [32]. The PCM and DX cooling 

system models were implemented in MATLAB while the DOE prototypical model is available in EnergyPlus. The 

overall simulation test bed packages these disparate component models, and co-simulation is achieved through the 

FMI [33]. 
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3.1 Co-Simulation Platform with EnergyPlus and Simulink 
The whole building energy simulation test bed incorporates a co-simulation platform of EnergyPlus and Simulink 

based on the FMI standard. An EnergyPlus Functional Mock-up Unit (FMU) has been created for the DOE medium 

office prototypical building model and is linked to the PCM model and the variable-speed DX system model with the 

interfacing variables shown in Figure 2. An FMI master program was implemented in MATLAB Simulink, which 

manages the progression of simulation time and communications across the component models. In the co-simulation, 

the interface variables are updated at each time step (10 minutes) in a ping-pong scheme. The variable-speed DX 

model accepts the return and outdoor air conditions generated by the EnergyPlus FMU and outputs the SAT and 

relatively humidity, which are then fed to the PCM model. Compressor speed is an input variable of the original DX 

system model. In the test bed, a wrapper was implemented for the DX system model which includes a Newton-type 

numerical routine to iteratively find the compressor speed to meet the SAT setpoint. In cases of compressor speed 

saturation, the SAT at the maximum compressor speed is returned by the DX model. The DX system model also 

outputs the compressor and fan power required to condition the air. The PCM model takes the circulating airflow and 

SAT and calculates the outlet temperature of the PCM section. The PCM outlet temperature and relatively humidity 

are used as setpoints of the air being distributed to the different variable-air-volume boxes in EnergyPlus. In the 

EnergyPlus FMU, these setpoints are satisfied using three fictitious coils, namely a dehumidification coil, a sensible 

cooling coil and a heating coil whose power consumption is not considered in the analysis.  

 
Figure 2: Schematic diagram of the EnergyPlus- Simulink co-simulation platform 

3.2 EnergyPlus Envelope Model for the DOE Medium Office Building Prototype 
The simulation test bed has integrated the envelope model for the DOE prototypical medium office building, which 

has three floors and 15 conditioned zones (3 core zones and 12 perimeter zones) [34]. Each floor has a dedicated air-

handling unit (AHU) and a DX cooling system. Therefore, the overall system model includes three variable-speed DX 

models with one serving each floor. The three DX models have identical performance but different cooling capacities, 

which are determined through the auto-sizing engine of EnergyPlus. Each zone has a variable-air-volume terminal 

box with electric reheat. The test bed includes envelope models for five different climate zones: Miami, FL (1A); 

Phoenix, AZ (2B); El Paso, TX (3B); New York, NY (4A) and Buffalo, NY (5A). Parametric simulations were 

conducted for these different cities to understand how the performance of the proposed PCM storage varies with the 

climate location and the locally available utility rate schedule.   

3.3 PCM Model 
For the proposed solution, the PCM is encapsulated in an aluminum box that is mounted on the interior surface of the 

supply duct wall. The physical dimensions of the PCM storage are dependent on the sizing of the duct and PCM 

storage, which is described in Section 3.5. The basic PCM model is presented firstly and then a model calibration 

procedure is described to capture the actual heat transfer characteristics of a PCM panel prototype. Note that the PCM 

model described in this section is flexible to accommodate other PCMs and encapsulation materials than those used 

in the prototype panel. 
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3.3.1 PCM Panel Model 
Heat is transferred between the air and PCM through the casing of the PCM panel. The duct wall is externally insulated 

to minimize heat loss to the surrounding air. The PCM model used in the whole building simulation is adapted from 

the Enthalpy method [35]. The heat transfer in the PCM is modeled as a one-dimensional conduction-controlled, two-

region melting problem in a finite-depth 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 can be written as: 

 
𝜌
𝜕ℎ

𝜕𝑡
=
𝜕

𝜕𝑥
(𝑘
𝜕𝑇

𝜕𝑥
) 

 

(1) 

where h is the PCM enthalpy, t is time, x is distance, k is the PCM thermal conductivity and T is temperature. The 

enthalpy is defined as a function of the temperature using the following equation: 

 
ℎ(𝑇) = {

𝑐𝑝𝑠(𝑇 − 𝑇𝑚)               𝑇 < 𝑇𝑚
𝑐𝑝𝑙(𝑇 − 𝑇𝑚) + ℎ𝑠𝑙      𝑇 > 𝑇𝑚

 

 

(2) 

where hsl is the latent heat of fusion of the PCM, Tm is the PCM melting temperature, and cpl and cps are the liquid and 

solid specific heat of the PCM, respectively. The PCM enthalpy is assumed to be 0 when the material is fully solidified 

and its temperature is at the melting point; the enthalpy is negative when the material is in solid phase with temperature 

below the melting point; the enthalpy is between 0 and hsl during melting/solidification; and in liquid phase, the 

material enthalpy is greater than hsl. The PCM thermal conductivity is assigned according to the phase: 

 
𝑘(𝑇) = {

𝑘𝑠     𝑇 < 𝑇𝑚

𝑘𝑙      𝑇 > 𝑇𝑚
 

 

(3) 

where ks and kl are the solid and liquid thermal conductivities, respectively. Equation (1) is discretized using a forward 

difference in time and central difference in space, and the enthalpy at the (n+1)th time step is determined as follows: 

ℎ𝑗
𝑛+1 =

∆𝑡

𝜌(∆𝑥𝑃𝐶𝑀)
2
(𝑘𝑗+12

𝑇𝑗+1
𝑛 + 𝑘𝑗−12

𝑇𝑗−1
𝑛 − (𝑘𝑗+12

+ 𝑘𝑗−12
)𝑇𝑗

𝑛) + ℎ𝑗
𝑛   

 

(4) 

where t is the time step, xPCM is the PCM nodal thickness, and the location and time are represented by j and n, 

respectively. Figure 3 displays how the nodes in the PCM are arranged. The PCM is divided into N nodes. Two 

dedicated nodes are used to capture the dynamics of the PCM casing, that separates the supply air stream and PCM, 

and the supply duct wall, respectively. The thermal conductivities at the half-grid, kj+½ and kj-½, are calculated using 

the harmonic mean: 

 
𝑘
𝑗+
1
2
=
2𝑘𝑗𝑘𝑗+1

𝑘𝑗 + 𝑘𝑗+1
 

(5) 

 
𝑘
𝑗−
1
2
=
2𝑘𝑗𝑘𝑗−1

𝑘𝑗+𝑘𝑗−1
 

 

(6) 

 
Figure 3: PCM model node arrangement  

The enthalpy of the first PCM node is calculated using 

 
ℎ1
𝑛+1 =

∆𝑡

𝜌(∆𝑥𝑃𝐶𝑀)
 
(�̇�𝑜𝑢𝑡 −

𝑘1+12
(𝑇1

𝑛 − 𝑇2
𝑛)

∆𝑥𝑃𝐶𝑀
) + ℎ1

𝑛 
(7) 

and 

 
�̇�𝑜𝑢𝑡 =

𝑇𝑤
𝑛 − 𝑇1

𝑛

∆𝑥𝑤 2⁄
𝑘𝑤

+
∆𝑥𝑃𝐶𝑀 2⁄

𝑘1

 
(8) 
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where Tw is the temperature of the PCM casing wall, T1 is the temperature of the PCM node adjacent to the wall, and 

kw is the casing wall thermal conductivity. The enthalpy at PCM node N, which is adjacent to the duct wall, is 

calculated using 

 

ℎ𝑁
𝑛+1 =

∆𝑡

𝜌(∆𝑥𝑃𝐶𝑀)
 
(
𝑘𝑁−12

(𝑇𝑁−1
𝑛 − 𝑇𝑁

𝑛)

∆𝑥𝑃𝐶𝑀
−

𝑇𝑁
𝑛 − 𝑇𝐷

𝑛

∆𝑥𝐷 2⁄
𝑘𝐷

+
∆𝑥𝑃𝐶𝑀 2⁄
𝑘𝑁

) + ℎ𝑁
𝑛  

 

(9) 

where TD is the average temperature of the combined PCM casing and duct wall, ΔxD is the sum of the casing and duct 

wall thicknesses, and kD is the effective thermal conductivity of the casing and duct that are connected in series. Once 

the enthalpy at each node is determined, the temperature of the PCM in the new time step is found using 

 

𝑇𝑗
𝑛+1 =

{
 
 
 
 
 

 
 
 
 
 

 

𝑇𝑚 +
ℎ𝑗
𝑛+1

𝑐𝑝𝑠
                      ℎ𝑗

𝑛+1 ≤ 0   (𝑠𝑜𝑙𝑖𝑑) 

 

  𝑇𝑚                  0 < ℎ𝑗
𝑛+1 < ℎ𝑠𝑙   (𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)

 

𝑇𝑚 +
ℎ𝑗
𝑛+1 − ℎ𝑠𝑙

𝑐𝑝𝑙
     ℎ𝑗

𝑛+1 ≥ ℎ𝑠𝑙      (𝑙𝑖𝑞𝑢𝑖𝑑) 

 

 

 

 

 

(10) 

The heat transfer into the lumped casing and duct wall is calculated as 

 
𝑚𝐷𝑐𝐷

𝑇𝐷
𝑛+1 − 𝑇𝐷

𝑛

∆𝑡
=

𝑇𝑁
𝑛 − 𝑇𝐷

𝑛

∆𝑥𝐷 2⁄
𝑘𝐷𝐴

+
∆𝑥𝑃𝐶𝑀 2⁄
𝑘𝑃𝐶𝑀𝐴

−
𝑇𝐷
𝑛 − 𝑇𝑎𝑚𝑏

𝑛

∆𝑥𝐷 2⁄
𝑘𝐷𝐴

+
∆𝑥𝑖
𝑘𝑖𝐴

+ (
𝑈𝑎𝑚𝑏,𝑠𝐴

2
+
𝑈𝑎𝑚𝑏,𝑡𝐴

4
+
𝑈𝑎𝑚𝑏,𝑏𝐴

4
)
−1 

(11) 

where mD is the mass of duct wall, cD is the duct wall specific heat, Tamb is the temperature of the air surrounding the 

duct (can be either outdoor or indoor air temperature depending on where the storage is installed), Δxi is the insulation 

thickness, ki is the insulation thermal conductivity, and A is the cross-sectional area of a PCM panel perpendicular to 

the heat flow. Rectangular ducts are assumed with two side walls, one top wall and one bottom wall for the PCM panel 

installations. The side, top and bottom external convective heat transfer coefficients (Uamb,s, Uamb,t and Uamb,b) between 

the exterior surface of the external insulation and the surrounding air are calculated as 

 
𝑈𝑎𝑚𝑏 =

𝑁𝑢̅̅ ̅̅ 𝐿𝑘𝑎
𝐿

 
(12) 

where 𝑁𝑢̅̅ ̅̅ 𝐿 is the average Nusselt number, ka is the thermal conductivity of the air and L is the characteristic length of 

the duct. These coefficients capture the different natural convection heat exchanges that result from the warmer 

ambient air being cooled by the top, side and bottom external duct surfaces, and are combined in Equation (11) to 

determine the overall thermal resistance due to external natural convection. The average Nusselt number for a specific 

orientation is calculated as 

 

𝑁𝑢̅̅ ̅̅ 𝐿,𝑠 = {0.825 +
0.387𝑅𝑎𝐿

1 6⁄

[1 + (0.492/𝑃𝑟)9 16⁄ ]8 27⁄
}

2

 

(13) 

 𝑁𝑢̅̅ ̅̅ 𝐿,𝑡 = 0.52𝑅𝑎𝐿
1 5⁄

 (14) 

 𝑁𝑢̅̅ ̅̅ 𝐿,𝑏 = 0.54𝑅𝑎𝐿
1 4⁄

 (15) 

where RaL is the Rayleigh number and Pr is the Prandtl number [36]. The correlations used in Equations (13), (14) 

and (15) were developed by Churchill and Chu [37], Birkebak and Abdulkadir [38], and Lloyd and Moran [39], 

respectively. 

The temperature of the PCM casing wall is updated using 
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𝑚𝑤𝑐𝑤

𝑇𝑤
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𝑛

∆𝑡
=

𝑇𝑎𝑖𝑟
𝑛 − 𝑇𝑤

𝑛

1
𝑈𝑠𝑎𝐴

+
∆𝑥𝑤 2⁄
𝑘𝑤𝐴

−
𝑇𝑤
𝑛 − 𝑇1

𝑛

∆𝑥𝑤 2⁄
𝑘𝑤𝐴

+
∆𝑥𝑃𝐶𝑀 2⁄
𝑘𝑃𝐶𝑀𝐴

 
 

(16) 

where mw is the mass of the PCM casing wall, cw is the specific heat of the PCM casing wall, Tair is the temperature 

of the overflowing air, Δxw is the casing wall thickness. The air-to-casing wall heat transfer is modeled using the 

Dittus-Boelter correlation [36] for internal turbulent flow: 

 
𝑈𝑠𝑎 = 0.023𝑅𝑒𝐷

4/5
𝑃𝑟𝑏

𝑘𝑎
𝐷ℎ

 
(17) 

where ReD is the Reynolds number, Dh is the hydraulic diameter, and b is 0.4 for PCM cooling and 0.3 for PCM 

heating.  

3.3.2 PCM Panel Model Calibration 

Figure 4 displays a PCM panel prototype with added aluminum fins to enhance the heat transfer between the 

overflowing air and PCM. The panel prototype is made with a 1” deep acrylic tray that is filled with PCM and covered 

by a finned aluminum sheet. The fin geometry is displayed in Figure 5 and Table 1. There are 38 fins with a length of 

11” along the air flow direction in the duct. Acrylic walls are used to allow visualization of the solidification/melting 

processes. A total of 5 thermocouples are placed in the tray at 0.25” depth intervals. The PCM used in the experiment 

was PureTemp 15, which is a biobased PCM with a nominal melting point of 15˚C [40]. However, experiments in the 

lab showed an actual fusion temperature of 13.5 °C, which was used in the PCM model. Thermal properties of the 

material, such as density, specific heat and thermal conductivities, were obtained from the manufacturer performance 

data and are reported in Table 2. The effects of the heat transfer enhancement due to the fins and natural convection 

within the liquid PCM is accounted for in the model by introducing three enhancement factors applied to the air-side 

convective heat transfer coefficient, and the solid and liquid PCM thermal conductivities: 

 𝑈𝑠𝑎,𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑 = 𝑈𝑠𝑎 × 𝑧1 

𝑘𝑠,𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑 = 𝑘𝑠 × 𝑧2 

𝑘𝑙,𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑 = 𝑘𝑙 × 𝑧3 

 

  (18) 

 

 
(a) 
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(b) 

 

Figure 4: PCM panel prototype. (a) Thermocouple placement inside the panel. (b) Experimental setup inside a 

supply duct with a controlled SAT. 

 

 
Figure 5: Fin Geometry 

 

Table 1: PCM module fin dimensions 

Dimension a b c d e f 

Value (in.) 0.100 0.188 0.100 0.406 0.163 0.238 

 

Table 2: PCM thermal properties 

Thermal 

Property 

Tm (°C) hsl (kJ/kg) ρ (kg/m3) cpl (J/kg·K) cps (J/kg·K) kl (W/m·K) ks (W/m·K) 

Value 13.5 182 905 2560 2250 0.15 0.25 

 

Laboratory tests were performed on the panel prototype to determine the values of the enhancement factors. The 

experiment was conducted in two stages: the first stage consisted of solidifying the PCM that was initially in the liquid 

phase, and the second stage consisted of melting the PCM directly after the first stage. The first stage lasted 5.6 hours 

and the second stage lasted 4.5 hours. During the first stage, the SAT was set to 9 °C, and the airflow rate was set to 

700 CFM. During the second stage, the SAT was raised to 19 °C, and the airflow rate was set to 1475 CFM to achieve 

a similar heat transfer rate to the first stage.  

The enhancement factors z1, z2 and z3 were estimated to be 10.5, 5.3 and 8.7, respectively, using a Levenberg-

Marquardt nonlinear regression routine. Figure 6 displays the comparison of the experimentally measured PCM 

temperatures at various depths with simulation results obtained from models without and with the enhancement 

factors. The original PCM model was unable to reflect the rate at which the PCM melted/solidified during the 
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experiment. According to the original model, the top temperature was the only one that reached the fusion temperature 

during the first stage, and it only experienced a rapid decrease (which signifies a complete phase change at that point) 

after 5 hours. The rest of the PCM remained above the melting temperature for the entire duration of stage 1, which 

does not match the experimental data. After incorporation of the enhancement factors, the PCM model results are in 

much better agreement with the experimental data. The potential sources of mismatch include non-ideal phase change 

due to PCM subcooling, contact resistances and multi-dimensional effects. Besides, the fin depth is lower than the 

PCM thickness, which causes a non-uniform conductivity enhancement in the PCM. For the temperature at a depth of 

0.5”, the modified PCM model undergoes rapid solidification and melting at the beginning of the first and second 

stages. This trend is similar for the other temperature nodes. The durations of the melting and solidification processes 

are similar but there is a small difference in the final temperature when the phase change is complete. However, for 

this latent energy storage solution, the latent heat transfer associated with phase change is more important than the 

sensible storage effect. In the whole building simulations, the enhanced PCM heat transfer model was used. 

 
Figure 6: Comparison of PCM temperature variations from experimental data (red), original PCM model (blue) 

and modified PCM model (black) 

3.3.3 Model for PCM Energy Storage Unit 

The PCM energy storage is modular in its original design so that multiple panels are required for a specific installation. 

The length of the duct, covered by the PCM panels, is divided into several segments. The heat transfer between the 

air and PCM panel in each segment is analyzed using the model described in the previous section. Neighboring 

segments are thermally coupled through the airflow in the duct: the outlet air of the previous segment is the inlet air 

to the next segment. The temperature change of the air across a segment is determined using 
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𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 −

�̇�𝑖𝑛
�̇�𝑎𝑐𝑝𝑎

 
(19) 

where �̇�𝑎 is the air mass flow rate and �̇�𝑖𝑛 is the air-to-PCM panel heat exchange rate in accordance with Equation 

(16), and the thermal capacitance of the adjacent air is negligible: 

 
�̇�𝑖𝑛 =

𝑇𝑎𝑖𝑟
𝑛 − 𝑇𝑤

𝑛

1
𝑈𝑠𝑎𝐴

+
∆𝑥𝑤 2⁄
𝑘𝑤𝐴

 

 

  

(20) 

3.4 Variable Speed Air-Conditioning System Model 
This study assumes a variable-speed air-conditioning system, the compressor speed of which can be continuously 

modulated to maintain the SAT setpoint. A previously developed variable-speed DX system model was adopted and 

integrated in the simulation test bed [31] . The model was extended from the ASHRAE Toolkit model by including 

additional correlations with respect to the compressor speed for characterization of the system steady-state 

performance. The final model predicts the total cooling capacity and compressor power based on explicit correlations 

with the ambient temperature, evaporator inlet wet-bulb temperature, supply airflow rate and compressor speed. The 

bypass factor method is utilized for the sensible heat ratio calculation. For dry coil scenarios, an iterative procedure is 

undertaken to identify a fictitious evaporator inlet wet-bulb temperature at which the coil transitions from dry to wet. 

The model was calibrated with both manufacturer and laboratory-collected performance data for a 5-ton variable-

speed rooftop unit. The modeling details and calibration results can be found in [31] .   

The simulation study assumes a fixed outdoor air fraction of 15%, i.e., the air-side economizer is absent, and the 

positions of the outdoor/return air dampers are fixed. This simplification eliminates the complicating factor associated 

with air-side economizing actions in the assessment of the demand flexibility enhancement potential of the proposed 

PCM storage solution. Because of this assumption, the reported utility cost savings potential may be conservative.   

3.5 Other Simulation Settings 
Baseline cases, which assume normal HVAC operation without the in-duct PCM storage and with a fixed SAT setpoint 

of 12.7 °C, were considered to quantify potential performance gains that can be brought by the proposed solution. The 

PCM-equipped case assumes a rule-based PCM charging/discharging control strategy that involves lowering the SAT 

setpoint to 9.2 °C for six hours (charging period) directly preceding the on-peak period and raising the SAT setpoint 

to 15.2 °C for the first three hours and to 15.7 °C from the fourth to sixth hour of the on-peak period to discharge the 

PCM. The PCM charging and discharging periods are both assumed to be six hours long for all considered locations, 

but the activation time can be different depending on the local rate schedule. For the rest of the day, the SAT setpoint 

assumes 12.7 °C when mechanical cooling is requested. The simulations were conducted for a 3-month cooling season 

from the beginning of June to the end of August. The time step in the EnergyPlus simulation was set to ten minutes. 

To ensure that convergence requirements for the enthalpy method are met, a time step of 0.5 s was used for the PCM 

model, which is executed inside the MATLAB function block in Simulink 1200 times per EnergyPlus time step. Since 

the PCM heat transfer model is nonlinear, there is no analytical expression for the maximum stable time step. The 0.5 

s time step was identified using trial and error. Note that this small time step requirement is partially attributed to the 

piece-wise heat transfer characteristics, which introduce significant numerical chattering when larger time steps are 

used. 

The baseline case was simulated for the 3-month cooling season and the day with the highest on-peak total HVAC 

sensible cooling energy (𝑄𝑠) was used in sizing of the PCM storage. For each floor of the medium office building, the 

PCM storage was sized with latent heat equal to one tenth of the on-peak HVAC sensible cooling energy use of the 

peak-demand day: 

 
𝑚𝑃𝐶𝑀 =

𝑄𝑠,𝑚𝑎𝑥 𝑜𝑛−𝑝𝑒𝑎𝑘

10 ℎ𝑠𝑙
 

(21) 

This sizing strategy provides a significant load shifting capability during the peak-demand day while ensuring that the 

PCM storage capacity is still adequately used during days with a lower cooling load. The section of duct leaving the 

AHU, in which the PCM storage unit is installed, was sized according to the maximum design airflow rate (∀̇𝑚𝑎𝑥) 

determined by EnergyPlus. The square duct width (Wd) was determined as  
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𝑊𝑑 = √
∀̇𝑚𝑎𝑥
𝑉𝑚𝑎𝑥

 

(22) 

where Vmax is the maximum recommended air velocity in a duct (1200 fpm, based on consultation with domain 

experts). The PCM panel thickness assumed 2.54 cm (1 inch) and total length of the PCM duct section was calculated 

using the estimated PCM mass and duct width. The PCM length in the airflow direction was divided into 20 

subsections for model implementation. 

 

4. RESULTS AND DISCUSSION 
 

This section presents the results of the parametric whole-building simulations. First, representative results for a hot-

dry day in Phoenix and a hot-humid day in Miami are presented and analyzed. These two days were chosen because 

they have weather conditions resulting in quite different sensible heat ratio, which can provide insights into how the 

sensible and latent loads are shifted and their effect on peak demand reduction. Then, the 3-month cooling season 

loads and energy costs are presented for each location to study the seasonal performance. Lastly, the simple payback 

period for each location is analyzed. 

4.1 Representative Day Results 
The representative day results were obtained for a hot-dry day in Phoenix and a hot-humid day in Miami. The hot-dry 

and hot-humid days had average outdoor air temperatures and humidity ratios of 35.8°C and 0.0101 kg/kg, and 28.8°C 

and 0.0183 kg/kg, respectively. Figure 7 presents the simulation results for each floor of the selected hot-humid day 

in Miami. Figure 7a displays the SAT and post-PCM air temperature. The yellow shaded area represents the PCM 

charging period, and the green shaded area indicates the PCM discharging period. During the charging process, the 

air temperature at the PCM section outlet is higher than the SAT, which is due to the heat released to the air by the 

PCM. During the discharging process, the air temperature at the PCM section outlet is lower than the SAT, which is 

due to cooling energy discharge from the PCM. Figure 7b depicts the air-to-PCM heat transfer rate profiles, which is 

the rate that the PCM loses (positive) and gains (negative) thermal energy in the charging and discharging periods, 

respectively. Figure 7c displays the liquid volume fraction (LVF), which is determined by averaging the nodal ratio 

of the PCM enthalpy to hsl across all nodes—the nodal ratio is 1 when the nodal enthalpy is greater than hsl and 0 when 

the nodal enthalpy is less than 0. It signifies how much of the PCM has melted or solidified and how much of the PCM 

latent heat capacity is utilized during the charging and discharging processes. When LVF is 1, the entire PCM is in 

liquid phase; when s is 0, the entire PCM is in solid phase. In this simulated day, the PCM begins in a liquid phase 

with LVF equal to 1. At the end of the charging process, LVF drops to below 0.1, which means that more than 90% 

of the PCM latent storage capacity is used. In the discharging process, the high SAT initiates melting of the PCM with 

LVF gradually increasing to 1 by the end of the discharging process.  
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a) 

 

 
b) 

 

   
c) 

 

Figure 7: PCM dynamics for each floor during a hot and humid day (Miami) a) Post-PCM air temperature b) 

Air-to-PCM charge/discharge rate, and c) PCM liquid volume fraction. 

 

Figure 8 to Figure 17 present the simulated diurnal variations of key operational variables of the baseline and PCM-

equipped cases for the representative hot-dry and hot-humid days. The total on-peak cooling loads and HVAC electric 

energy consumption for these two days are displayed in Table 3. The PCM case led to the shifting of almost a third of 

the total HVAC energy consumption from the on-peak to off-peak periods for both representative days.  

Figure 8 compares the total HVAC sensible cooling load profiles of the baseline and PCM-equipped cases on hot-dry 

and hot-humid days. The addition of the PCM results in an increase in the HVAC sensible load during the charging 

period, due to the extra cooling capacity needed to charge the PCM, and a decrease during the discharging period. The 

PCM charging and discharging occur at different times for the two locations because the TOU electricity rate schedules 

have different on-peak periods (detailed rate schedules are discussed in Section 4.3). The PCM storage leads to daily 

on-peak sensible load reductions of 13.1% and 16.5% for the hot-dry and hot-humid days, respectively.  

Figure 9 shows the HVAC latent cooling load profiles. It can be observed that the latent load is higher during the 

charging period in the PCM-equipped case because the SAT is lower, which leads to a lower evaporating temperature 

and more removal of water vapor from the air. Conversely, the SAT is higher in the discharging period, which results 

in less dehumidification because of the higher evaporating temperature. This latent load shifting effect is not attributed 

to the presence of the PCM, but the variation of the SAT during the charging and discharging periods. The altered 

latent load profiles also result in different humidity levels in the indoor spaces. Figure 10  displays a core zone relative 

humidity profile for the baseline and PCM-equipped cases. During the PCM charging period, the indoor relative 

humidity is lower for the PCM-equipped case because of the deep dehumidification of the circulating air. During the 



   Page 14 

 

PCM discharging period, the indoor relative humidity of the PCM-equipped case ramps up fast and surpasses the 

baseline humidity for a majority of the discharge period. For all the simulated cases, the indoor humidity is maintained 

below the comfort upper limit of 65% recommended by ASHRAE 55 [41]. For the hot-humid day (location), the latent 

cooling load and the indoor humidity are much higher than the hot-dry day due to the higher moisture content of the 

outdoor air. The overall on-peak latent load reduction produced by the PCM storage is 70% for the hot-dry day and 

25.5% for the hot-humid day. Note that the proposed PCM storage is mainly designed for sensible cooling load 

shifting, while the shifting of dehumidification load is a byproduct of the specific control strategy utilized. Figure 11 

displays the total HVAC cooling load profile for the two cases. The amount of total cooling load shifted is 20.2% for 

the hot-humid day and 18.7% for the hot-dry day. 

Table 3: Summary of on-peak thermal loads and electric energy consumption for the representative days 

 Hot dry day and location Hot humid day and location 

 Baseline PCM Changes Baseline PCM Changes 

Sensible Cooling Load (MJ) 3847 3343 504  

(↓13.1 %) 

2903 2424 479 (↓16.5%) 

Latent Cooling Load (MJ) 424 128 296  

(↓69.8 %) 

2027 1510 517 (↓25.5%) 

Total Cooling Load (MJ) 4271 3471 800  

(↓18.7 %) 

4930 3934 996 (↓20.2%) 

Compressor and Condenser 

Fan Electric Energy (kWh) 

419.2 277.1 142.1 

(↓33.9 %) 

292.6 194.0 98.6  

(↓33.7 %) 

Supply Fan Electric Energy 

(kWh) 

16.3 19.2 -2.9 

(↑17.8 %) 

14.3 16.9 -2.6  

(↑18.2 %) 

Total HVAC Electric Energy 

(kWh) 

435.5 296.3 139.2 

(↓32.0 %) 

306.9 210.9 96.0  

(↓31.3 %) 

 

 
a)  

 

 
b) 

Figure 8: Total HVAC sensible cooling load profile for a a) hot-humid day (Miami) and b) hot-dry day (Phoenix) 
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a) 

 
b) 

Figure 9: Total HVAC latent load profile for a a) hot-humid day (Miami) and b) hot-dry day (Phoenix) 

 

 
a) 

 
b) 

Figure 10: Zone relative humidity profile for a a) hot-humid day (Miami) and b) hot-dry day (Phoenix) 
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a) 

 
b) 

Figure 11: Total HVAC load profile for a a) hot-humid day (Miami) and b) hot-dry day (Phoenix) 

 

Figure 12 displays the total cooling electric power consumption (sum of compressor and condenser fan power) 

profiles. The amount of the compressor power usage shifted from the on-peak to the off-peak hours on the hot-dry day 

is close to 33.9 % and a very similar level of electrical power reduction (33.7 %) is achieved for the hot-humid day. It 

should be noted that the percentage cooling power reduction is much higher than the corresponding thermal load 

reduction, which is less than 20%. This is mainly due to the higher cycle COP during the on-peak hours, which is 

defined as the ratio between the total cooling load and the cooling electric power (excluding supply fan power). Figure 

13 compares the cycle COP profiles, which clearly shows that the cycle COP is much higher for the PCM-equipped 

case during the PCM discharging period. This is because a higher SAT would increase the saturated evaporating 

temperature and reduce the pressure lift across the compressor, resulting in a higher cycle COP.  

 
a) 

 
b) 

Figure 12: Total compressor and condenser fan electric power profile for a a) hot-humid day (Miami) and b) hot-

dry day (Phoenix) 

 



   Page 17 

 

 
a) 

 
b) 

Figure 13: Cycle COP profile for a a) hot-humid day (Miami) and b) hot-dry day (Phoenix) 

 

Figure 14 shows the total fan electric power consumption profiles for the baseline and PCM-equipped cases on the 

hot-dry and hot-humid days. The on-peak fan power usage is higher for the PCM-equipped case on both days, because 

during the discharging period, the higher SAT requires more airflow to provide the same cooling capacity. However, 

the fan power represents a small fraction of the total HVAC power usage and the increase of the on-peak fan power 

can be well compensated for by the compressor power reduction.  

 
a) 

 
b) 

Figure 14:Total fan electric power profile for a a) hot-humid day (Miami) and b) hot-dry day (Phoenix) 

 

Figure 15 displays the total HVAC power consumption profiles. Although more fan power is consumed during the 

on-peak hours for the PCM-equipped case, the compressor power reduction is dominant leading to much reduced on-

peak HVAC electricity usage. With the PCM storage, the on-peak HVAC electricity consumption is reduced by 32.0% 

for the hot-dry day and 31.3% for the hot-humid day. In addition, the (on-peak) peak demand of the HVAC electric 

power on the hot-dry day is reduced by 37.2 kW, which equates to a reduction of 33.7 % while for the hot-humid day, 

a peak demand reduction of 25.5 % is achieved. Figure 16 displays the system COP for the baseline and PCM-equipped 

cases on hot-dry and hot-humid days, which is defined as the ratio between the total cooling load and the total HVAC 

electric power (including supply fan power). For both days, the system COP is higher during the PCM discharging 

period for the PCM equipped case, which means that less work input is required to provide the same amount of cooling. 
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The efficiency enhancement in conjunction with the thermal load reduction results in electrical power reduction during 

the on-peak hours. 

 
a) 

 
b) 

Figure 15: Total HVAC electric power profile for a a) hot-humid day (Miami) and b) hot-dry day (Phoenix) 

 

 
a) 

 
b) 

Figure 16: System COP profile for a a) hot-humid day (Miami) and b) hot-dry day (Phoenix) 

 

Figure 17 depicts the variations of the dry-bulb air temperature in a core zone and the ambient temperature for the 

baseline and PCM-equipped cases. The zone temperature is well maintained at the setpoint of 24 °C during the 

occupied hours (6 AM to 9 PM), for both the baseline and PCM-equipped cases. To quantify the zone temperature 

regulation performance, the cumulative zone temperature excursion (the area of the zone temperature variation curve 

beyond the cooling setpoint) was calculated for both baseline and PCM-equipped cases in Phoenix during occupied 

hours of the whole simulation period. The cumulative errors for the baseline and PCM-equipped cases over the whole 

cooling season were 0.8°C-h and 1.4°C-h (average errors of 0.001°C and 0.0015°C), respectively, which are negligible 

and likely attributed to numerical errors of the EnergyPlus solver. This proves the addition of the PCM storage does 

not impact indoor temperature control. Figure 10 displays the variation of the relative humidity of the same core zone 

for the different cases. In both days, the zone relative humidity is maintained in the comfort zone of 0.25 to 0.65, 

according to ASHRAE 55-2020 and 62.1-2019 [41] [42], during the occupied hours. Therefore, the deployment of the 

PCM storage does not cause any negative impact on indoor comfort.  
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a) 

 
b) 

Figure 17: Zone temperature profile for a a) hot-humid day (Miami) and b) hot-dry day (Phoenix) 

 

4.2 Seasonal HVAC Energy Consumption and Cost 
The total HVAC energy cost was calculated for each simulated case using representative summer TOU electricity 

rates offered by electric utility providers serving the five locations. Table 4 presents a breakdown of the utility tariffs 

used in the simulations. Some tariffs comprise of two charges: the energy charge and the demand charge. The energy 

charge is the cost of the electrical energy ($/kWh) and is calculated at each timestep according to the specific rate at 

that time. The demand charge is calculated based on the highest electrical demand, in kW, evaluated over all 30-

minute time intervals of an entire month. The energy charge is incurred continuously while the demand charge is a 

one-time cost for a whole month. The identified tariffs for Miami, Phoenix and El Paso have on-peak and off-peak 

energy charges and demand charges, whereas, those of New York and Buffalo have on-peak, mid-peak and off-peak 

energy charges but no demand charge. El Paso has the highest on-to-off peak energy charge ratio of 24, which 

incentivizes load shifting, and has the highest demand charge that is assessed at any time of the day, which may cause 

financial penalties of high off-peak demand caused by load shifting measures. Miami and Phoenix have an on-to-off 

peak energy charge ratio of 2 and a lower demand charge that is assessed during the on-peak period only. The energy 

charge in Phoenix is 2.5 times higher than Miami while the demand charge is slightly lower. The cheap electricity in 

Miami is unfavorable for the proposed demand response measure with long payback periods. New York and Buffalo 

assume the same electricity tariff which has on-to-off peak and mid-to-off peak energy charge ratios of 16 and 6, 

respectively. This tariff incentivizes shifting the electric consumption from the on- and mid-peak periods to the off-

peak periods. 

The on-peak HVAC electricity consumption and total HVAC electricity cost are displayed in Figure 18 for the baseline 

and PCM-equipped cases and for the different locations over the entire 3-month cooling season. The total on-peak 

electricity consumption is reduced by 22.5% (5095 kWh) in Miami, 31.5% (6838 kWh) in Phoenix, 28.8% (4701 

kWh) in El Paso, 24.5% (3258 kWh) in New York and 25.1% (2451 kWh) in Buffalo. Phoenix has the highest on-

peak electricity consumption reduction while Miami has the lowest percentage reduction, which can be attributed to 

several factors. Phoenix is located in a hot and dry climate zone and involves the highest sensible heat ratio (SHR), 

while for Miami, the latent load contributes a significant portion of the total cooling load. Since the proposed PCM 

storage is mainly designed for sensible load shifting and is sized according to the peak sensible load, the overall load 

shifting capability relative to the total load is smaller for hot-humid locations such as Miami. In addition, the 

discharging period is perfectly aligned with the on-peak period of the electricity tariff for Phoenix, while the Miami 

tariff involves an on-peak period spanning over nine hours but PCM discharging still terminates at the end of the sixth 

hour to be consistent across locations. This time misalignment results in lower percentage reduction of on-peak 

electricity usage for Miami. Although Miami has the lowest relative reduction in on-peak electricity usage, the 

absolute reduction ranks second among the five locations.   

The total HVAC electricity cost is reduced by $539.00 (10.9%) in Miami, $1767.00 (15.6%) in Phoenix, $1076.00 

(14.9%) in El Paso, $726.00 (13.9%) in New York and $591.00 (16.0%) in Buffalo. Despite having the second highest 

absolute decrease in on-peak electricity consumption, Miami has the lowest absolute electricity cost savings. The ratio 
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between the on-peak and off-peak energy rate and the demand charge are similar for Miami and Phoenix. However, 

Miami has a significantly lower absolute cost reduction because the on-peak electricity consumption reduction is 

lower, and the energy rates are 60% lower than Phoenix. For the other four locations than Miami, the relative electricity 

cost savings is similar and close to 15%. 

Table 4: Summer energy and demand rates for the five locations 

City Rate name Energy rate ($/kWh) Demand Charge 

($/kW) 

On-Peak Mid-peak Off-peak On-peak Anytime 

Miami Florida Power & Light 

Company General 

Service Demand-TOU 

(GSDT-1) [43] 

0.07078 

(12-9PM) 

— 0.03272 

(12AM-12PM 

and 9PM-12AM) 

9.98 — 

Phoenix Tucson Electric Power 

Medium General 

Service Time-of-Use 

[44] 

0.17506 

(2-8PM) 

— 0.083474 

(12AM-2PM and 

8PM-12AM) 

9.11 — 

El Paso EL PASO ELECTRIC 

COMPANY 

SCHEDULE NO. 24 

[45] 

0.11861 

(12-6PM) 

— 0.00502 

(12AM-12PM 

and 6PM-12AM) 

— 24.50 

New 

York 

Orange and Rockland 

Utilities Time of Use 

[46] 

0.32012 

(12-7PM) 

0.1145 

(10AM-12PM 

and 7-9PM) 

0.02061 

(12AM-10AM 

and 9PM-12AM) 

— — 

Buffalo Orange and Rockland 

Utilities Time of Use 

[46] 

0.32012 

(12-7PM) 

0.1145 

(10AM-12PM 

and 7-9PM) 

0.02061 

(12AM-10AM 

and 9PM-12AM) 

— — 

 

 
a) 

 
b) 

Figure 18: Seasonal a) on-peak electricity consumed by HVAC system and b) energy cost for the baseline and 

PCM-equipped cases in various cities 

 

Table 5 presents the aggregated performance over the whole simulation period for all considered locations. Miami has 

the highest total cooling load due to high sensible and latent loads, which is typical for the hot-humid climate. For all 

cities, the total HVAC cooling load is increased when the PCM storage is deployed. This can be attributed to the 

increase in the supply airflow rate during the discharging period, which coincides with the hottest hours of summer 

days. As the supply airflow rate increases, more hot outside air is introduced because of the fixed outdoor air fraction 

assumed in the simulation study, which results in a higher ventilation load. Another key observation is that the average 

system COP is slightly lower in the PCM-equipped case than the baseline case for all locations except for Phoenix. 

This is because (1) the decrease in the COP during the PCM charging period outweighs the COP increase during the 
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PCM discharging period and (2) the total load during the PCM charging period is higher due to the load shifting effect. 

The increased total cooling load and reduced system COP together lead to a high total HVAC electricity usage after 

the deployment of the PCM storage, for all locations. This represents a round-trip efficiency loss associated with the 

proposed PCM storage solution. Despite using more electrical energy overall, the PCM storage reduces the electricity 

cost for all cities because the consumption is shifted from the high-price hours to the off-peak hours with lower 

electricity prices. The seasonal electricity cost savings ranges from 11% (Miami) to 15.8% (Buffalo).  

Table 5: Cooling season total energy consumption and electricity cost 

 Miami Phoenix El Paso New York Buffalo 

 Baseline PCM Baseline PCM Baseline PCM Baseline PCM Baseline PCM 

HVAC 

Total 

Load (GJ) 

880 938 799 859 607 654 629 678 455 486 

Total 

Electric 

Energy 

(MWh) 

54.3 60.1 64.9 70.1 38.7 42.2 33.3 38.1 21.6 23.9 

System 

COP 

4.5 4.3 3.4 3.4 4.4 4.3 5.2 4.9 5.9 5.6 

Total 

PCM (kg) 

— 2418 — 2210 — 1926 — 2017 — 2057 

Total 

Electricity 

Cost ($) 

4940 4401 11337 9570 7227 6151 5224 4498 3736 3145 

On-Peak 

Electric 

Energy 

(MWh) 

22.6 17.5 21.7 14.9 16.3 11.6 13.3 10.0 9.7 7.3 

 

 

4.3 Economic Analysis 
To evaluate the financial feasibility of the PCM storage solution, simple payback period, loan repayment period and 

net present value (NPV) analyses were performed based on estimated costs of the PCM TES and the predicted 

electricity cost savings. The payback period was calculated as follows: 

 
𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =  

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑃𝐶𝑀

𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝑒𝑎𝑠𝑜𝑛 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐶𝑜𝑠𝑡 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
 

(23) 

 

The loan repayment period was calculated as follows: 

 
𝑅𝑒𝑝𝑎𝑦𝑚𝑒𝑛𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 =  − log[1+𝑟] [1 −

𝑟(𝑃𝑉)

𝑃
] 

(24) 

 

where r is the interest rate, PV is the loan amount (PCM cost), and P is payment amount (cooling season savings). 

The repayment period was calculated assuming an annual interest rate of 10%. The NPV was calculated as follows: 

 

𝑁𝑃𝑉 =∑
𝐶𝐹

(1 + 𝑥)𝑖

𝑦

𝑖=0

 

(25) 

 

where CF is the net cash flow at year i, y is the investment period in years, and x is the discount rate, which is assumed 

to be equal to the assumed annual interest rate of 10%. A 15-year investment period was considered, which coincides 

with the expected lifespan of a HVAC system. At year 0, CF is the initial investment (PCM cost), which is considered 

negative cash flow, and in subsequent years, CF is the cooling season electricity cost savings. A positive NPV suggests 

that the investment is worthwhile because the present value of the future cash flows within the investment period is 
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greater than the initial investment. The cost of the storage unit was assumed to be $2 per kg of PCM [47], which 

includes the casing material cost and the labor cost. The investment feasibility metrics for each location are displayed 

in Table 6. Phoenix is the most financially viable location to implement the PCM TES solution with the lowest payback 

and loan repayment periods (7.5 cooling months and 2.6 cooling seasons, respectively) and highest NPV ($9020) 

among all five locations. This is due to the high (absolute) energy cost savings in Phoenix compared to the other cities. 

Miami has the longest payback and loan repayment periods (26.9 cooling months and 10.3 cooling seasons, 

respectively) and lowest NPV ($-736) because it has significantly lower energy cost savings and the highest PCM 

cost. Despite having the second highest (absolute) on-peak energy reduction, Miami has a small peak-to-off-peak rate 

ratio and much lower electricity price overall, which results in the lowest cost savings potential. Buffalo has a larger 

PCM size and cost, but longer payback period than New York. This suggests that the PCM storage is slightly 

undersized for New York. Figure 19 displays the nominal cooling capacity of the HVAC system in each location 

determined by EnergyPlus and the PCM mass for each location determined using Equation (21). The overall trends of 

the HVAC and PCM sizes match across the locations except for New York, which has the second largest HVAC size 

but the fourth largest PCM size. The outlier can be due to the different sizing strategies for the HVAC equipment and 

PCM storage: EnergyPlus uses the 0.4 percentile of the annual weather data (the hottest 35 hours of the whole year) 

to size the HVAC system, while the PCM storage is sized to reduce the on-peak electricity usage of the hottest day. 

The current PCM sizing strategy was derived based on trial simulation tests and could be very sub-optimal; an 

optimized sizing strategy will be developed in future work. Also, it may be noted that the loan repayment period is 

expressed in cooling months, because it is very common to have mechanical cooling all year round for commercial 

buildings. In winter or colder months, air-side economizing can be used to significantly reduce the mechanical cooling 

demand and deployment of the proposed PCM energy storage could provide even greater performance gains by 

mitigating the misalignment between the cooling load (daytime) and availability of “free” cooling resource 

(nighttime). However, this would require more sophisticated control strategies which are beyond the scope of this 

study. That is why only the cooling season is considered for the payback analysis. 

Table 6: Economic analysis results for the proposed PCM solution in the candidate cities 

City PCM Cost ($) Payback period 

(Cooling months) 

Loan Repayment 

Period (Cooling 

months) 

NPV after 15 years 

($) 

Miami 4836 26.9 30.9 -736 

Phoenix 4420 7.5 7.8 9020 

El Paso 3852 10.7 11.4 4332 

New York 4034 16.7 18.3 1488 

Buffalo 4114 20.9 23.1 381 

 

 

 
a) 

 

 
b) 

 

Figure 19: a) Nominal cooling capacity determined by EnergyPlus and b) total PCM mass in various cities 
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5. CONCLUSION 
 

This paper presents a new PCM-based energy storage solution designed for installations in supply-air ducts to enhance 

building power flexibility and a comprehensive assessment of the proposed solution in terms of energy consumption, 

energy cost savings, load shifting capability, and peak electric demand reduction potential. A numerical model for the 

in-duct PCM storage was formulated and calibrated using experimental data collected from a PCM panel prototype. 

The model was linked with the EnergyPlus medium office prototypical building models through FMU and with a 

calibrated variable-speed cooling system model, to establish a simulation test bed that allows whole-building 

simulation-based assessment of the proposed PCM storage. A simple rule-based control strategy was proposed and 

tested, which enables the PCM charging by applying a lower SAT setpoint prior to the on-peak hours and activates 

the PCM discharging process by raising the SAT during the on-peak period to reduce the peak electrical demand. 

Parametric simulations were carried out covering five different climate locations over a 3-month cooling season. 

Simulation test results showed that the proposed in-duct PCM storage solution is effective in shifting both the sensible 

and latent cooling loads from on-peak to off-peak hours, resulting in on-peak HVAC electricity consumption 

reductions of up to 31.5%. Load shifting through the PCM storage is achieved at the cost of increased total HVAC 

electricity usage, by up to 14.4%, partially attributed to the high ventilation load during the discharging period. 

However, under TOU rate schedules, load shifting enabled by the PCM storage can provide economic benefits with 

seasonal electricity cost savings from 11% to 16%. The peak demand reduction and electricity cost savings potentials 

are highest for Phoenix, due to the high SHR and perfect alignment of the PCM discharging and the on-peak periods. 

An economic analysis has shown that the simple payback periods of the proposed PCM storage solution range from 

7.5 to 26.9 cooling months. Miami has the longest loan repayment period and is the only location involving a negative 

NPV because of the cheap electricity and the large amount of PCM used.  

The results presented in this paper provide conservative estimates of the potentials of the proposed in-duct PCM 

storage solution in peak demand and electricity cost reductions. This study considered a simple rule-based control 

strategy for charging/discharging the PCM storage, which can be sub-optimal. Control optimization along with 

optimal sizing of the PCM storage and coordination with the air-side economizer operations can significantly enhance 

the overall system performance. In addition, the PCM charging/discharging control can be combined with optimized 

zone temperature scheduling to fully utilize the energy storage capacity in buildings and to unlock the “free cooling” 

potential. These advanced control strategies will be investigated in future work.  
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