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ABSTRACT

This paper presents a simulation study of an active energy storage device intended to enhance
building operation. This device —which is designed for installation in_the/ceiling plenum of an
office, a mechanical room or in other convenient locations— consists.of an arrangement of several
panels of a phase-change material. It may be charged or discharged as required with an air
stream passing between the panels, thus operatingsas a PCM-air heat exchanger (PCM-HX).

The first part of the paper focuses onuthe'.design of the PCM-HX. Several design
configurations are evaluated; investigated “parameters include the PCM-HX dimensions, the
number of air channels and airflow:rates. The paper also includes an experimental validation of
the PCM model. Performance criteria that were considered in the parametric study include the
amount of stored heat;“the time needed to charge/discharge the PCM storage and the overall
energy density of the device.

The second part of the paper evaluates different control strategies aimed at reducing peak
demand’and the size of HVAC system. The impact on peak load of a linear ramp for the
temperature setpoint is investigated: it was found that a two hour linear ramp in temperature
setpoint —together with a PCM-HX configuration with six air channels— can reduce the peak
heating load by 41% as compared to a benchmark case without the PCM-HX.

Keywords: Active PCM heat exchanger, Energy storage, Performance optimization,
Peak load reduction



1. INTRODUCTION

1.1- Background: PCM for enhanced building flexibility

Energy flexibility in buildings and adequate control of this flexibility are two important
factors for the design of smart energy system and buildings. Energy flexible buildings have been
defined as those with “the ability to manage [their] demand and generation according to local
climate conditions, user needs and grid requirements” [1]. In this context, thermalenergy storage
in building components can be a key contributor to energy flexibility; phase change materials
(PCMs) are a promising technology for this purpose [2, 3]. PCMs apply the principle of latent
heat thermal energy storage (LHTES), whereby large amounts.of-energy are absorbed or released
at a certain temperature during the phase change transition. period (charging and discharging

process) on account of the high heat of fusion of the PCM [4].

PCMs have the benefit of facilitating the(storage of heat gains (e.g. passive solar gains), as
well as heating energy and cooling energy. from the HVAC system [5]. In latent heat storage
systems, energy charge and discharge normally occur within a narrow temperature range known
as the transition zone [6]. By reducing zone temperature fluctuations, PCMs can reduce energy
use, improve thermal comfort,and reduce and/or shift the electricity peak demand [7-9]. Their
integration in multilayerwalls and ceilings reduces the effect of external thermal conditions on
the thermal state of the building [10, 11]. Given the large variety of available PCM materials
with different thermal properties (such as latent heat storage capacities and phase change
temperatures) they can be used in multiple applications. However, for direct building
integrations, only PCMs having a phase transition close to human comfort temperature can be

used.



Most previous research [12-15] has focused on wall-integrated PCM systems. While these
implementations do achieve load reductions, these studies show that integrating the PCM in the
surface of a room has a detrimental effect on the controllability of the system, a necessary factor

for maximum flexibility and peak load reduction.

This paper presents a novel PCM-HX designed for installation in a ceiling.plenum. This
study explores the use of an active PCM-HX along with appropriate control strategies as an
effective path to optimize the operation of a heating system. Such a“dedicated active device
offers the advantage of better controllability. At the design stage,.considering the energy storage
capabilities of a PCM-HX makes it possible to reduce the nominal size of the HVAC equipment

required, thus leading to significantly lower initial and operational costs.

1.2- Passive and Active PCM applications

PCM applications can be classified in twe, main categories: passive systems and active
systems, [16]. In passive applications, PCMs are integrated into building envelopes to increase
the effective thermal storage capaeity, thus improving temperature regulation [17, 18]. For
example, Athienitis et al. [19] studied a test-room with a PCM-impregnated gypsum board with a
particular interest in peak load shifting and solar energy utilization. Passive PCM applications
can be particularly beneficial in lightweight constructions with low thermal inertia [20], since the
presence of large temperature fluctuations is a well-known issue in these buildings [21]. This is a
common problem in some cold climate regions where buildings are built with wood frame
construction and large amounts of insulation. In a passive PCM installation, the PCM will
typically melt during the daytime to store heat gains (solar and otherwise). During the nighttime,

the material will then solidify gradually thus releasing heat to the space. This process will reduce



room overheating during the daytime during the warm months and may decrease the need for

space heating during the nighttime in the winter [15, 22, 23].

Active thermal energy storage systems employ a PCM within a stand-alone container or

device, which can be melted or solidified as required by using an external heating or cooling

source. Active PCM systems provide the following advantages:

Flexibility in heat transfer area. The heat transfer area can be increased by adjusting

the ratio of the surface area to the volume of the PCM and airflow rate.

Steady conditions for charging/discharging energy. The high-energy density of PCM
and the fact that the latent heat transfer process.is approximately isothermal result in
smaller  temperature variations.  Actives..thermal energy storage allows
charging/discharging even when indoor conditions are steady, thus facilitating the control

of thermal energy.

Adjustment of the melting.point of the PCM. In an active installation, it is easier to
adjust the melting point(far example, by using a different material). Therefore, the range

of conditions that are usefulfor charging/discharging the PCM can be extended.

Integration.with/mechanical systems. With mechanical ventilation, enough airflow can
be provided to achieve the desired amount of energy storage, peak demand reduction, and
load shifting. This peak demand reduction also allows for smaller heating and cooling

equipment and ducts, thus saving valuable space in buildings as well as capital cost.

Applications in retrofit projects. Active installations are suitable for retrofits in
buildings with low thermal mass since they can add significant controllable and

“dispatchable” thermal energy storage.



Mosaffa et al. [24] described an active PCM system intended for free cooling. This device
consisted of panels separated by air gaps which enabled air to flow through the PCM. The
present study investigates a similar, but not identical, system, designed to control the thermal

load of an office space.

1.3- Overview of the paper

The first part of this paper investigates different design options for the integration of active
PCM-HX, focusing on the optimization of the storage capacity and contrelability. Several
parameters are investigated towards achieving an optimal compromise between stored heat and a
reasonable time needed to charge/discharge the PCM storage. These parameters include the
dimensions of the heat exchanger, the number of air channels‘and the airflow rate used to charge
and discharge the PCM. The mathematical model used“in this study for the specific heat of the
PCM was validated experimentally; these results are also presented.

In the second part of the paper, the integration of the aforementioned PCM-HX in an office
zone is evaluated from the perspective of peak load reduction. This part examines the effect of
using a linear ramp of room temperature setpoint transition on peak load reduction. Proportional-
integral control (PI) is.assumed.in the local-loop control of room air temperature. The potential
of combining diverse setpoint profiles with PCM designs with different number of air channels is

also investigated.

2. ACTIVE PCM-HX: GENERAL CONCEPT

2.1- Geometry of thermal zone

The test building is 4.0 m wide, 4.0 m long and 3.2 m high, without internal partitions. The

building, which is of lightweight construction, has a double glazing window in the middle of its



south-facing facade (40% window-to-wall ratio (WWR)). The U-value of the window is 1.2
W/(m?K) and its transmittance is 0.8. Further details on the window properties can be found in a
previous study [25]. The bottom opaque section of the facade is 0.8 m high, matching the height

of a typical work plane (Figure 1).
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Figure 1. Schematic of the office’zone with PCM-HX

2.2- General concept
The present study considers the tntegration of an actively charged PCM-HX for an office

zone, as shown in Figures'2a and'2b. The PCM-HX system (located in this case in a ceiling
plenum) is part of an“insulated HVAC duct system. An air-handling unit (AHU) with an electric
coil, located just ‘before the PCM-HX, is used to preheat the air entering the plenum. A
circulation"faniis used to drive air between the channels in order to charge/discharge the PCM.

During.off-peak hours, hot air from the AHU is used to charge the PCM-HX. If the room
requires heating during on-peak hours: (a) the fan is turned on and (b) dampers between the room
and the plenum are opened in order to discharge the PCM. The circulation fan can only be either
ON or OFF (in other words, no operation at partial flowrates). If required, an electric baseboard
heater can provide auxiliary heating directly to the room.
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This PCM-HX configuration, which may be used as a practical retrofit measure, opens up the
possibility of operating a lightweight building almost like a high-mass building, thus benefiting
from the advantages commonly associated with materials with large thermal capacity (e.g.,
concrete).

The PCM-HX has the following modes of operation:

e Charging mode: both the AHU and the fan are turned on to charge the PCM (Figure 2a).
The airflow passes through the PCM-HX, and is then recirculated back to the AHU. In
this mode of operation, dampers are closed and there is no exchange between the plenum
and the room air.

e Discharging mode: the AHU is turned off (ne' heating or cooling provided), but the
circulation fan is turned on to discharge the PEM (Figure 2b). This mode of operation
opens the dampers that connect the plenum to the room air. Therefore, the discharge
mode enables full air exchange with.the.room during peak load hours.

e Standby mode: both the fan and the AHU are off and the dampers are closed. In this

mode of operation, there is'nojexchange between the plenum and the room air.
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Such a configuration, first described in an earlier-study [25], provides more flexibility and

controllability in terms of charging and discharging temperatures when compared to a
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Figure 2. PCM-HX in isolated ceiling plenum (notexdrawing not at scale).
(a) Charging mode (typically at night); (b) Discharging mode, (typically in daytime)

conventional wall-integrated PCM system:

2.3- Configuration of PCM-air heat exchanger (PCM-HX)

Figure 3 presents a schematic.of the proposed PCM-HX. This device consists of an arrangement
of PCM panels that allow an,airflow to pass between them. The length, width and thickness of
each PCM panel are.denoted by Lpcm, Weem and tpem respectively (standard measures given by
the manufacturer for,.the PCM sheets are Lpcm = 1.2 m, Wpcm = 1.0 m and tpcm = 5.2 mm).
Several PCM panels may be installed “in series” within the PCM-HX; e.g., if n PCM panels are
used.then: ke = nxLpcm. For example, Fig. 3 shows two panels connected in series with a total

length\which is twice that of a single PCM sheet (Lyx = 2Lpcwm). The simplicity of the proposed

geometry makes this structure more adaptable to different configurations.
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Figure 3. Schematicef PCM-HX. (a) Isometric view, (b) side view, and (c) top view (example with two PCM
panels in series)

The PCM used in this paper is DuPont Energain™, which consists of a paraffin wax (60
wt. %).embedded in an ethylene-based polymer [13]. Table 1 provides an overview of the
thermo-physical properties of the PCM used in the present paper. In a mechanically conditioned
space, the best performance is achieved when the PCM melting temperature is around the

setpoint temperatures of the room [23, 26, 27]. In this paper, a material with a melting



temperature of 22.3 °C is used. This melting temperature corresponds to typical indoor

temperatures in winter; this makes this PCM suitable for heating applications.

Table 1. Properties of PCM used [13]

Element Quantity
Thickness (base case) 5.2 mm
Density 850 kg/m3
Average Specific Heat 3500kj/kg - K
Peak Melting Temperature 22.3°C
Latent Heat of Fusion 70000 J/kg
Peak Freezing Temperature 17.8°C
Conductivity, solid 0.22W/m-K
Conductivity, liquid 0.18 W/m-K

3. METHODOLOGY
An explicit finite difference scheme, implemented in Python-3.6yis used to numerically solve

the heat transfer equations corresponding to the heat transfer phenomena in the office.

3.1- Governing equations — room model

Equation 1 is a finite-difference formulation of the heat balance equation in the office zone.
C(T); :
Dl -+ IO ANt <) 0= a

where
e U;;: Conductance between nodes i and j equal to kA/dx for conductance, h,,,A for
convection and h,.,4A for radiation, W/K.
e U, Conductance between nodes i and k where node k has a defined or known
temperature (boundary condition), W/K.
e ((T);: Capacitance of node i equal to kcpC,(T)Adx, J/K
e (: Heat flow into the node, W

e At: Time step, s.
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The capacitance of the air node contains a factor k¢ (air capacitance multiplier) that accounts for
phenomena (furniture and objects, the time required for air mixing, delay due to ducting and
other factors) that in a low-order model result in a capacitance with an observed effective value
significantly larger than the one calculated using only the physical properties of the air. In this

paper, kc =5

The equations in matrix form is:

N M

1 ( / z UlJ z Utk + Uiz Uiy ¢ I(Q1 + (Ulkkak)] \I
Tl C1 J k
e | ) o |
Ty at .

CNJ | Uny —Z Unj— 2 Unie + AtJ kQN + Z(UNkkak)

where,

e (O: Isan element-wise multiplication operator,

e N: Is the number of nodes, and,

e M: Is the number of nodes with known‘temperatures.

A fully explicit finite difference fermulation was used to solve the equations. Two heat sources
are applied at the room air node: one from the electric heater and the other from an equivalent
source from the energy.released from the PCM-HX. To assure numerical stability in the solution,
the time step must-be,chosen according to the stability criterion defined in equation 3:

- C.(T) - Ax?
Ats% 3)

3.2-"Modelling of PCM specific heat
A continuous curve based on a skewed normal distribution requiring five parameters is used
(Equation 4) to obtain the effective heat capacity of the PCM as a function of temperature [13].

Hed et al. [28] presented a similar method to simulate a PCM air heat exchanger: they

11



investigated the effect of different shapes of specific heat curves —as a function of temperature—
on the power of a PCM heat exchanger. In the present study, an enthalpy-temperature function
for the PCM accounts for enthalpy changes during the phase change. This function is used to
estimate an equivalent specific heat at each time step, which is then used in the finite difference
equations for PCM. The curve is applicable to PCMs with limited sub-cooling, such as organic
materials [29]; it offers a simplified method to incorporate characterization dataiand improves

simulation time.

—(T - TC)2> _ [1 terf (skew (T —.T,

2 w2 \/i e o )] + Cp.average (4)

1
C,(T) = Ah ——-ex
p() PCMm p(

where

e hpcwm, enthalpy of fusion, kj/kg;

e T, approximate temperature of peak phase.change;°C;
e o, temperature range of phase change,°C;

e skew, skewness factor, °C;

e (,, average, average specific heat of PCM in the sensible range, kj/kg - K;
Table 2 presents the specific heat equation parameters used [13].

Table 2. Specific heat equation values for the PCM [30]

Parameters Melting Freezing
Ahpem, kj/kg 13100 12600
T.,°C 23.6 20.8
w,°C 45 4.7
Skew, °C -10 -4

Cp average , KJ/ kg K 3500 3500

Equation.5 corresponds to the air control volume differential equation.

m - Cp/dTqir = depth - dy * (heonv.front * (Trront — Tair) + Aconvback * (Thack — Tair)) (5)
Equation 6 is used to find the outlet air temperature of the control volume. In turn, this
information is used to calculate the equivalent heat source at the air channel control volume

(Equation 7).
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hconv * Apcm —hcony * Apcm
Tair,outlet - Talrlnlet €xXp (% + Tsurface 1- €xp ﬁ (6)

At — . . t t
QPCM = Mair Cp.air (Tair.outlet - Tair.inlet) (7)

3.4- Local PI controller

Equation 8 calculates the heat provided by the baseboard heater with propertional-integral

control (PI controller) at each time step.

Qheater = k ( setpoint — room alr) + k f( setpoint — room alr)dt (8)
where:
ek, proportional gain of the controller, W/K

e k;, Integral gain of the controller, W/(K - s)

3.5- Convection heat transfer coefficient

The convective heat transfer coefficient within the air channel depends on diverse factors:
geometry, airflow rate, fluid andsurface temperatures, etc. [28]. Experimental results show that
the corrected Martinelli equation (Eq.9) is appropriate for studying active thermal energy storage

system with phase,change materials with airflow in a cavity [31].

RePr,/f/2

NuMartinelli =
T, — T Re 9)
- TE 5-(Pr+ In(1 + 5Pr) + 0.5Nprin (60 \/g)
Nu - k,;
hconv = T&ur (10)

13



3.6- Experimental setup used for validation

The experiments were conducted at the Paul Fazio Solar Simulator Environmental Chamber
(SSEC) Research Laboratory (Concordia University, Montréal [13]). This experimental facility
allows accurate and repeatable testing of advanced building enclosures under a wide range of
conditions with fully programmable temperature, humidity, and pressurization. The temperature
inside the SSEC can change in a range from —40°C to +50°C. The experiment.is used to validate
the numerical model of the PCM-HX with one air channel. The experimental test room has 5
layers of PCM panels integrated into the interior surface of the back wall of the room located
inside the Environmental Chamber. There is a 30 mm air chafinel between the 2™ and 3" layers
of the PCM. This PCM integration for thermal storage“will"be_denominated here as the PCM-

TES.

Figure 4 shows the experimental setup including the Environmental Chamber and the test room
with the wall-integrated PCM. The test reom“is 3 m wide, 1.5 m long, and 2.7 m high. A
circulation fan is used to provide an air speed of around 2 m/s through the air channel. A small
auxiliary baseboard heater with,a capacity of about 1 kW is used to provide heat into the test
room. The PCM used in.this‘experiment has the same thermos-physical properties of the one

used in the simulation. Thermo-physical properties of the PCM is presented in Table 1 [30].

14
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Figure 4. (a) Schematic of the environmental chamberwithwall integrated PCM test room. Adapted from
Dermardiros [13]. (b) Experimental setup of theitest'room in the chamber. The front surface of the PCM
wall is painted black[13]

Type T thermocouples (= 0.5 °C) are used to measure temperatures within the PCM-TES. The
Environmental Chamber prowvides warm/cool air through the PCM-TES. To charge the PCM, hot
air stream enters by an.inlet plenum of the PCM-TES and exits through an outlet plenum (Figure
5). The inlet and.outlet plenum are installed in the test room to assure uniform airflow. At the
beginning of/the experiment, the PCM-TES is charged by supplying 28°C air at a rate of 400
ka/s (1.3 m/s average speed) until steady state is attained. This process is run twice to verify
repeatability. The flow rate was chosen since it would provide a good convection heat transfer
rate with lower pressure losses. The temperatures are read every 30 seconds and the average is
recorded every minute. The experiments investigated the charge/discharge rate of the PCM under

a temperature range of 16°C to 25°C in the test room. Further details of the experimental setup is
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presented by Dermardiros [13].
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Figure 5. Schematic of the PCM wall integrated experiment. Adapted from Dermardiros [13]

3.7- Experimental validation of the numerical simulation

The current study shows how an explicit finitezdifference method with an enthalpy-temperature
function for the PCM can be used as an effective tool in the design and implementation of the
rule based control strategies in a test.room with PCM-HX. Figure 6 and 7, presents a comparison
between results of the numericalSimulation and corresponding experimental data [13], and their
coefficient of variation-of the root mean square error (CV-RSME). In this regard, the air outlet
temperature (Figure 4) and-energy transferred by the PCM-HX (Figure 5) is investigated. It was
found that the PCM model can accurately predict the energy transferred by the PCM and the
room temperature profile (CV-RSME < 5%). While this experimental configuration is different
from, thesproposed PCM-HX device, these results illustrate the validity of the PCM enthalpy

model.
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Figure 6. Numerical simulation and experiment results for air,outlet temperature:
(a) Charging mode, (b) Discharging mode
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Figure 7. Numericalsimulation and experiment results for energy transferred of the PCM-HX:
(a) Charging mode, (b) Discharging mode

4. PARAMETRIC DESIGN ANALYSIS

Results of this paper are presented in two parts:

(a) Evaluation of the design parameters, which include PCM thickness (tpcm), PCM-HX length
(Lpcwm), airflow rate through the channels, and the number of air channels. One parameter was
fixed: the number of PCM layers, which was kept constant at eight (8).

(b) Application of the PCM-HX integrated into the office zone under different control strategies.

17



4.1- Parameters investigated

The PCM-HX system is studied by varying the dimensions of the PCM and air channel, with
different lengths (1.2, 2.4 and 3.6 m, corresponding to 1, 2 or 3 PCM panels in series). The inlet
airflow rate was varied between 200 kg/h and 500 kg/h. Turbulent flow regime in the air domain
was assumed (3060 < Re < 7650). Table 3 provides an overview of the values of all‘parameters

investigated in this study.

Table 3. List of varied parameters

Mass Volume  Average PCM Alr PCM-HX Interngl

Case flowrate flowrate velocity _Iayer cha_nnel length 'y Convgcpon

(kg /h) (L/s) (m/s) thickness height ém) number Coefficient

(mm) (mm) (W/m?-K)
- 200 47.48 1.56 5.20 30.00 1.20 3060.00 9.62
g E 300 71.22 2.34 5.20 30.00 1.20 4590.00 15.32
e "::6 400 94.96 3.12 5.20 30.00 1.20 6120.00 20.50
- 500 118.70 3.91 5.20 30.00 1.20 7650.00 26.62
- 5 o 200 47.48 1.56 3.00 30:00 1.20 3060.00 9.62
23 200 47.48 1.56 5.20 30.00 1.20 3060.00 9.62
% g E 200 47.48 1.56 7.00 30.00 1.20 3060.00 9.62
a - 200 47.48 1.56 10.00 30.00 1.20 3060.00 9.62
- 200 47.48 1.56 5.20 30.00 1.20 3060.00 9.62
g T %, 200 47.48 1.56 5.20 30.00 2.40 3060.00 9.62
e g & 200 47.48 1.56 5.20 30.00 3.60 3060.00 9.62
Yo 200 47.48 1:56 5.20 30.00 4.80 3060.00 9.62

Air was assumed to havedconstant'density, thermal conductivity and specific heat, with values of
1.184 kg/m® 0.0255 W/ (m-K) and 1006 J/ (kg-K), respectively. For each parametric
combination, & numerical experiment was carried out by turning on the fan at time t = 0, and
making it'run for-a"24-h period, with a constant inlet temperature of 10 °C. Simulation results are
presented below.

4.2- Effect of airflow through air channels

Airflow rates of 200, 300, 400 and 500 kg/h were investigated for a configuration with one

air channel (Figure 8).
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Figure 8. Schematic of PCM-HX with one air channel
Figure 9a and 9b provides the air outlet temperature and power delivered to,theairstream by

the PCM-HX for the different air flow rates, respectively.
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Figure 9. Effect of airg?gw on : (a)yair outlet’temperature, (b) PCM-HX powe(rbc))utput of the PCM-HX
As expected, the air temperature difference between outlet and inlet decreases as the air flow
rate increases. The average AT’s are 14 °C, 11 °C, 9 °C and 8 °C for air flow rates of 200, 300,
400 and 500 kg/h.respectively.
At the beginning of the numerical experiment, high flow rates provide a higher power output
(nearly 1200 W for 500 kg/h, versus 800 for 200 kg/h). However, low airflow rates discharge the
PCM-HXymore slowly. As a result, the average energy transfer over a 24 h period for the four air

flow rates is approximately the same: it amounts to roughly 4.4 kWh. The amount of energy

transferred was computed by using Equation 7.
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4.3- Effect of the thickness of PCM layers

Another investigated parameter was the thickness of the PCM layers (see Table 3).
Simulations were performed to study the effect of the thickness of the PCM sheets in order to
find the optimum PCM volume for the integration of the system in an office zone. Simulations
were done by testing several PCM-HX systems with PCM layers of various thicknesses (3, 5.2,
7, and 10 mm). Figure 10 presents the air outlet temperature and heating power delivered by the

PCM-HX over a 24 h for different thicknesses.

20

= Thickness = 3 mm —— Thickness = 3 mm
=+ Thickness = 5.2 mm =+ Thickness = 5.2 mm

—- Thickness = 7 mm = 1000 — - Thickness = 7 mm

== Thickness = 10 mm 3 == Thickness = 10 mm

Air outlet temperature, C
PCM discharge heat flow

-~

-
* — ™ e  —
... Pt —_—— e : a

(@) (b)
Figure 10. Effect of PCM layer thickness on : (a) air outlet temperature, (b) power output of the PCM-HX
Figure 10 show that the different'configurations have a similar temperature decay profile.
The slightly different temperature-profile is caused by the thicker volume of PCM layer used.
Increasing the thickness.of the PCM layers results in higher outlet air temperature and higher

PCM-HX output power. Thicker PCM sheets lead to a larger amount of energy stored,

conversely, the.larger thickness of PCM layer means longer times are needed to discharge them.

4.4~ Effect of length of the PCM-HX

In this section, identical 1.20 m systems are placed “in series” (i.e., one after another) to
obtain devices with total lengths of 1.20, 2.40, 3.60 or 4.80 m. Figure 11 provide results

regarding the effect of length of the PCM-HX on air outlet temperature and PCM-HX power.
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Increasing the length of the PCM-HX leads to higher power output and also higher air outlet
temperature, but more time is required to charge/discharge. the System. As expected, the
difference between outlet and inlet air temperature increases for longer PCM-HX devices. The
difference between outlet and inlet air temperature are 7,°C, 12 °C, 14 °C and 16 °C for PCM-
HX lengths equal to 1.2, 2.4, 3.6 and 4.8 m respectively.

Conversely, longer PCM-HX devices imply higher pressure drops through the system, and
consequently increasing fan power required. This is another design factor that must be taken into
account.

4.5- Effect of the number of-air channels

The number of‘air channels through the PCM layers was also investigated. Figure 12 shows
the different /configurations of the PCM-HX consists of 8 PCM sheets with 1, 2, 3 or 6 air

channels between layers studied in this paper.
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Figure 12. Schematic of PCM-HX with the different number ofdair channel: (a) one channel; (b) two
channels; (c) three channels; (d).six channels.

The total mass flow rate considered is 600 kg/h (turbulent flow through air channels) for all
cases with different number of air channels. For comparison purposes, the height of the channels
and air velocity were chosen in order to.maintain both a constant convective heat transfer
coefficient and a constant total mass flow rate across the different systems [31]. Accordingly, the
inlet air velocity varies between,2.47)m/s and 2.23 m/s assuming turbulent flow in the air cavity.
The smallest Reynolds_aumber.is 3040 for the 6-air channel configuration (slowest flow). Table
4 presents the value of the,parameters for different numbers of the air channels.

Table 4. List of/parameters for different number of air channel [31]

Air

Number ~“Total mass Volume Mass flow Average channel Convection Re
of flow flow rate (kg/(s - channel)) velocity width Coefficient number
channels (kg/h) (L) 9 (m/s) nmy | (W/m?K)
1 600 142.40 0.17 2.23 62 18 17200
2 600 142.40 0.08 1.93 36 18 8830
3 600 142.40 0.06 1.75 26 18 5830
6 600 142.40 0.03 1.47 16 18 3040

The multi-channel active PCM-HX is analyzed comparatively using the thermal network

model described in the section 3. Figure 13a and 13b presents the air outlet temperature of the
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PCM-HX, and PCM-HX power in 24 hours period for different number of air channels,

respectively.

28 3000
» Number of Air channels = 1 = Number of Air channels = 1
26 —- Number of Air channels = 2 = Number of Air channels = 2
o 24 == Number of Air channels = 3 = 2500 Number of Air channels = 3
@ —— Number of Air channels = 6 g‘ Number of Air channels = 6
ERY) = 2000
e 2
220 £
£ @ 1500
218 =4
T h 5 -,
3 16 % 1000 1 "+
= =
< 14 9
500
12 "‘r...__ ______
bl ey PR P LR LT TIA
10 T 0 | ) TP CETTETIN
6 8 10 12 0 2 4 6 8 10 12
Time, h Time, h
(a) (b)

Figure 13. Effect of number of air channels on: (a) air outlet temperature vs. time, (b) power output of the
PCM-HX vs time.

Results show that the charge/discharge time is.inversely proportional to the number of
channels. The single channel system would take more.than 7 hours to discharge, and would not
be useful for fast peak reduction measures. In centrast, a 6-channel PCM-HX system provides
faster and more easily controllable storage of heat/cool. Table 5 provides a summary of the
results regarding energy per unit‘of velume of the PCM-HX (kWh/m®), charging and discharging
time (h) for different number of air.channels.

Table 5. Energy density,harging and discharging time for different number of air channel

Number of Engrgy pe unit of volume of the Charging time (90%) (hr) Discharging time (90%) (hr)

channel PCM-HX (kWh/m?)
1 Channel 67.56 7.25 8.56
2 Channel 61.61 4.30 5.15
3 Channel 58.52 3.40 4.00
6 Channel 50.87 2.58 3.10

Based en-the results presented in Table 5, although increasing the number of air channels
leads to lower energy density (per unit of volume of the PCM-HX), the charging and discharging
times are shorter; in other words, this results in “faster” (and arguably more controllable) PCM-
HX devices. Increasing the number of air channels from 1 to 6, reduces the energy per unit of
volume by 25% while accelerating the charging and discharging time by 64%.
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5. CONTROL STRATEGIES

The appropriate application of control strategies in HVAC systems is a key factor to improve
the energy efficiency [25, 32, 33] and energy flexibility of buildings [1, 34, 35]. Advanced
control strategies for PCM, including predictive control, have been investigated. For example,
Barzin et al. [36] studied the application of weather forecasts to passive solar buildings with

PCM; energy savings of about 31% were found.

Thermal energy storage systems with PCM have not been widely adopted;.arguably due to
the lack of a proper integration into the building HVAC systems. In this regard, proper
integration, including suitable control strategies, has a significant impact on the performance of
the system. Also, if integrated with HVAC system design, the.inclusion of the PCM-HX can be
used to avoid the common practice of oversizing the HVAC equipment. Thus, both the operating

and capital costs of the system can be reduced in an‘effective manner.

The results presented so far have discussed the amount of stored heat, the time needed to
charge/discharge the PCM-HX and:the averall energy density of the device. The integration of
the active PCM-HX within‘thet"HVAC system for peak load reduction was investigated. The
sizing of the PCM-HXt0 achieve the optimal energy storage, peak demand reduction, and load
shifting was investigated, This peak demand reduction may also enable smaller heating and

cooling equipment and ducts, with a consequent reduction of equipment size and costs.

The fellowing sections summarize the results obtained from the application of the PCM-HX
integrated into an office zone under three different control scenarios. Firstly, the effect of the
PCM-HX heat contribution is studied when a step setpoint change is applied. Secondly, the

effect of using a linear ramp of room temperature setpoint on reducing peak load (with and
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without PCM-HX) is investigated. Finally, the effect of the number of air channels on peak load

reduction is discussed.

5.1- Design day conditions for control studies

Weather conditions similar to a winter day in Montreal (i.e., a “Design Day”) are selected as the
simulation scenario, since the electrical power demand tends to peak under these conditions.
Figure 14 presents the curves used to model outdoor temperature and solar flux on the south
facade. In this simulation scenario, it is assumed that the outside temperature follows a perfect
sine curve, fluctuating between -20 °C and -10 °C (thus having.=15°C as a mean temperature,
with an amplitude of 5 °C). The peak temperature is reached at 3 pm.-The time-varying solar flux
is assumed to have a distribution representing an overcast.cold-day in February; this curve was
obtained from a simulation carried out using EnergyPlus [37] with a Montreal weather file.
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Figure 14. Outdoor temperature and solar flux on the south facade

5.2- Numerical experiment
It was assumed that the PCM-HX was well insulated on all sides (i.e., adiabatic conditions). The

initial conditions of the experiment (just before t = 0) were the following:
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e The initial temperature of the room was set at 18 °C everywhere.
e It was assumed that the PCM-HX was “fully charged”: the material is fully melted and at
a uniform temperature of 28 °C.
e Air from the room is circulated through the PCM-HX whenever heat extraction is
required.
The simulation starts at t = 0 and runs for a period of 24 h using the weather conditions presented
in Figure 15. The simulation time step was set to 60 seconds (it was previously determined that
the critical time step for the finite difference formulation was 87 s). The /heat provided by the
baseboard heater was calculated by using a simple proportional-integral control. Proportional
gain of the controller (kp) is assumed to be twice the capacityof the electric baseboard heater per
degree (e.g., if the baseboard capacity is 3000 W, ke =-6000 W/K), and the k; is assumed to be
0.1 W/K-s

5.3- Peak load shifting with PCM-HX

Lowering the temperature setpgint at'night is an effective way to reduce energy consumption
[38, 39]. In this case, the setpoint during the daytime (between 6:00 to 18:00) is 22°C, and the
nighttime (between 18:00 to 6:00) setpoint is 18 °C. The energy released from the PCM-HX is
considered as the primary.heating system; an electric baseboard provides auxiliary system.

It should be takenyinto account that oversized systems cycle off before they completely heat
or cool @ zone. In addition, an undersized system runs constantly trying to heat the zone, but it
cannot.provide the required thermal comfort. Therefore, having a properly sized HVAC system
that matches the demand can provide thermal comfort while reducing peak loads. With this in
mind, a baseboard heating system with capacity of 1000 W is used. The charging mode of the

PCM-HX device is from 0:00 to 6:00 (off-peak hours) and discharging mode is from 6:00 to
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15:00 (on-peak hours). The application of the PCM-HX system toward achieving peak load

shifting and peak load shaving has been investigated under these conditions.

Figure 15 shows the set point and room air temperature with and without the PCM-HX. As
can be seen, the small baseboard heater without a PCM-HX cannot reach the required setpoint.
Conversely, these results show that a PCM-HX manages to keep comfortable indoor conditions,
even with a small baseboard. Figure 16 presents a comparison of the resultsfor the.electric load

(AHU coil + baseboard heater) with and without PCM-HX.
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These results show thatwsing PCM-HX can reduce peak load duration from 8.23 to 1.48 h.
Figure 16 shows that'using PCM-HX shifts the peak load from on-peak hours to off peak hours
and reduces the.peak load duration by 82 %, therefore reducing the mean power load during

daytime (W) by 31% (from 915 W to 695 W).

5.4=Reak load reduction with PCM-HX and linear ramp of room temperature set point
It is well known that a sudden setpoint transition —e.g. between a night setback and daytime
setpoint— creates a spike in the peak demand. The effect of using ramps to transition between

setpoints has been investigated by [40-42], among others.
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This section examines the effect of using two-hour linear ramp of room temperature set point
on reducing peak load in a room equipped to PCM-HX with six air channels. In this case, a
baseboard heater with capacity of 3000 W is used for better thermal comfort. The charging mode
of the PCM-HX device is from 0:00 to 4:00, and the discharging mode is from 04:00 to 15:00.
Figure 17 presents thermostat set point with ramp and room air temperature. Figuré 18, presents
results regarding heating load required considering ramp in set point temperature with and

without PCM-HX.
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Results presented in Figure 17 show that a 2 hour ramp in temperature set point can reduce
peak load by 21% from 3000 W to 2360 W. The combination of the 2 hours linear ramp and a
PCM-HX devicewith six’air channels provides 41% peak load reduction (from 3000 W to 1775
W).

5.5 - Energy flexibility

The role of buildings as flexible loads is becoming more important; they can act as energy
generators, energy storage, or/and controllers of demand [43]. Energy flexibility in buildings has
been defined as “the possibility to deviate the electricity consumption of a building from the

reference scenario at a specific point in time and during a certain time span” [44]. Table 6
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provides a comparison (in terms of flexibility) between the reference case (without PCM-HX)

and the case with PCM-HX and 2 hours linear ramp.

Table 6. Energy Flexibility of the building

; Changes relative to
Without ramp  \ith ramp and PCM-HX J

Flexibility parameter

and PCM-HX Ref.\case
Peak load (W) 3000 1775 41% reduction
Mean power load during A .
daytime (W) 988 775 22 % reduction

The results presented in Table 6 show that such a PCM-HX device together with appropriate
control strategies could provide flexibility to the grid, reduce mean power load during daytime
and peak power demand, simultaneously.

6. CONCLUSIONS

This study presented in this paper investigated different design options of active PCM-HX
charged and discharged with a controlled airflow in an office zone. The paper also includes an
experimental validation of the PCM model. It was found that the model of the PCM can
accurately predict (CV-RSME"'<" 5 %) energy transferred and air outlet temperature from the

PCM-HX.

In the first part of the paper, the effect of thickness, length, number of the air channels,

airflow rates, and energy storage of the PCM-HX were evaluated. Results show that:

e Inereasing the length of the PCM-HX leads to higher power output and also greater
air-outlet temperature, but longer times are needed to charge/discharge the system.
Results show that, for charging/discharging times of about 8 h (or less), a PCM-HX

device with 2.4 m length has a good thermal performance and controllability.
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The difference between the outlet and inlet air temperature decreases with the increase in
air stream rate, while the average energy transfers for different airflow rates are
approximately the same. Therefore, in turbulence air stream through PCM-HX, lower the
airflow rate leads to the better performance of the system (in terms of energy
consumption and noise).

Although increasing the number of air channels in PCM-HX reduces.the energy per unit
of volume, the charging/discharging time is shorter. This results.in faster and more easily
controllable PCM-HX. For instance, increasing the number of air channels from 1 to 6
led to a reduction of energy density 25%, but the charging/discharging time was 64%

faster.

The PCM-HX presented in this paper is a lightweight solution in buildings with low thermal

mass to increase the effective thermal storage capacity of a building as well as increasing

controllability of the stored energy.

In the second part of the paper, the integration of the proposed PCM-HX in an office zone is

evaluated along with the effect of enhanced control strategies. The potential of using PCM-HX

with different numbers of air channels together with linear ramps was investigated. The main

results are:

The combination of a small baseboard heater (1000 W), and a PCM-HX device with six
air_channels shifts the peak load from on-peak hours to off peak hours and reduces the
peak load duration by 82 %. It also results in 31% reduction in mean power load during
daytime, relative to a reference case without the PCM-HX;

For a larger baseboard heater (3000 W), the combination of the two-hours linear ramp of

temperature setpoint and PCM-HX with six air channels provides 41% peak load
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reduction, and 22% reduction in mean power load during daytime, relative to a

benchmark case without the PCM-HX;

Results shows that the use of active PCM-HX and appropriate control strategies could be an
effective solution to enhance energy flexibility in buildings, reduce the sizing of the HVAC units

at the design stage and achieve savings both in initial capital expenses and system operation cost.
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NOMENCLATURE
Cavg  Average specific heat of PCM inithe sensible T  Temperature (°C)
range (J/kg - K)
o Thermal capacitance of node i (J/K) Tsp  Room air setpoint (°C)
Cp specific heat (J/kg ‘K) Greek letters
heonv  Heat conduction coefficient (W/m? - K) p  Density (kg/m?)
k Heat conduction coefficient (W/m - K) w  Temperature range of phase change

kc Air capacitance multiplier (-)
D Proportional gain (-)
k; Integral gain (-)

m Mass flow rate (kg/s)
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