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Abstract

This paper investigates the energy saving and load flexibility capacity of phase change material
(PCM) integrated into building envelope under a future energy generation scenario, where 80% of
the energy load comes from renewable sources. Using community-scale modeling, we first
determine the net thermal storage required to fully manage the demand variability at a utility grid,
and then using whole-building simulations we optimize operating parameters—such as PCM
thickness, latent heat, interior setpoint profile, PCM distribution, and heat transfer coefficient—to
determine the optimal conditions required for maximum energy reduction and load flexibility
without compromising occupants’ thermal comfort. The optimal PCM-integrated envelope
proposed in this study can provide annual load flexibility up to 33.6% and annual energy savings
up to 10.8% in a lightweight residential building located in Baltimore, MD. This study is relevant
given the increasing contributions of renewable energy in the total energy generation mix, leading
to a significant time-imbalance between peak energy demand and energy production. While
thermal energy storage using PCM is a recognized technique, there is no known prior study
dedicated to examining the thermal performance of PCM-integrated envelopes under future energy
generation scenarios. This study bridges the research gap by investigating a practical way to
implement the PCM in the buildings and maximize the energy efficiency as well as load flexibility

related benefits.

* Corresponding author: Ravi.Kishore@nrel.gov

Keywords: load flexibility, grid-interactive efficient buildings, thermal energy storage, building

energy, phase change material.

1

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.


mailto:Ravi.Kishore@nrel.gov
mailto:Ravi.Kishore@nrel.gov
mailto:Ravi.Kishore@nrel.gov

Table of Contents

| 515 (e Yo L1 o5 1o ) s RSP PRURRPPPPPRNt 4
R 1<) 21103 (ol oA 4 () L AT USRS 6
T Y, (<11 4 1o Yo OSSPSR 8
3.1 Determining Grid NEEUS ........c.oiiiiiiieiieiieee e 9
3.2 BUIlAING MOEL......coeeece e s 13
3.3 Parametric ANAIYSIS........coviiieieiieie ettt et sre et re e 18
4 ReSults and DISCUSSION .....uuiiiiiiiiieiiiiiie e e ctiee e e e et e e et e e e e e bt e e e e e tb e e e e s ebb e e e e ssabaseeesbeaeeesanseneeas 22
4.1 Load Flexibility by a PCM-Integrated Building ...........cccovviiininiieninieeen, 22
4.2 PCM ThICKNESS ..ttt bbbt 24
4.3 PCM Latent HEAL........ooeiiiieiieeiee et 25
4.4 Variable Setpoint TEMPEIAtUIE..........cooviieieere e 26
4.5 PCM DISHIDULION ... et 27
4.6 Heat Transfer COBTFICIENT .........coovv i 28
4.7 Comparison to Reference Building with Variable Setpoint Strategy.................. 29
4.8 SENSITIVILY ANAIYSIS .....ciiiiiiie et 30
4.9 Comparison with the Published LIterature ..........coccoooveviienieenenie e 31
T 00} 4 To] 11 5 10 ) s O O UPRUPRTPR 32
L 1535 4 (7 <1 PRSP 34
2

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Nomenclature

PCM  Phase change material DGmin - Minimum dispatchable generation
LH  Latent heat of PCM Qes  Total energy storage

HTC  Heat transfer coefficient Qresg Thermal energy storage

tpem  PCM thickness AE  Change in energy use
T Time Tusp  Variable setpoint temperature
min  Minimum Tmsp  Mean setpoint temperature
max  Maximum Ty,  Temperature setpoint
Nsaving ENergy efficiency TARP  Thermal Analysis Research Program
Nrex.  Load flexibility ‘EW’ Exterior walls
Qrota:  Total power demand ‘IW’  Interior walls

Qve¢  Variable power generation ‘C’  Ceiling

Qne: Net load on the grid ‘F>  Floor
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1 Introduction

To address concerns related to climate change, interest in renewable energy (particularly wind and
solar energy) is rising, leading to considerable reduction in the cost of power generation for these
technologies. As more variable renewable and distributed generation sources are integrated into
the electrical grid, the difficulties of reliably matching supply and demand increase, leading to the
so-called “duck curve” [1] and “Nessie curve” [2]. To minimize the gap between instantaneous
energy generation and consumption, the International Energy Agency recommends transitioning
from “on-demand power generation” to “on-demand power consumption,” and suggests making
the energy consumption flexible to keep the energy supply networks stable, reliable, and cost-
effective [3].

The building sector worldwide contributes to a significant portion of total global energy
consumption [4]. In the United States, approximately 75% of all U.S. electricity consumption and
nearly 40% of total U.S. energy consumption is accounted for in buildings [5]. Buildings,
therefore, are considered one of the prime sources of cost-effective demand flexibility for the grid,

making grid-interactive efficient buildings the focus of research and development in recent years.

Energy storage is a recognized technique to reduce the mismatch between demand and supply on
the electricity grid and potentially support the integration of renewable energy sources to the grid
[6, 7]. Various energy storage technologies exist: electrochemical storage in electrical batteries
[8], thermal energy storage (TES) in phase change materials (PCMs) [9], and pumped
hydroelectricity storage in high-elevation water reservoirs [10] are a few examples. These
technologies provide temporary storage, when electricity is abundant or less expensive, and
dispense the stored energy, when electricity is scarce or more expensive. Because nearly half of
the energy used in buildings is related to thermal loads, TES is an attractive candidate in terms of
cost and efficiency [11, 12]. Due to their high latent heat capacity, PCMs have been recognized as
a very effective TES medium [13]. PCMs can be integrated into building envelopes because they
(i) stabilize indoor temperature fluctuations and improve the occupants’ thermal comfort [14, 15],
(ii) reduce the HVAC energy use, providing energy savings [16, 17], and (iii) modulate the peak
energy demand and provide load shedding and shifting capacity [18, 19].

Application of PCMs in buildings is a widely investigated area in the recent literature [20].
Passively implemented PCMs in building envelope has the potential to provide energy saving as
4
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well as load flexibility. Freezing and melting of PCMs by effectively utilizing the diurnal
temperature swings reduces thermal loads in the buildings, thereby reducing energy use for
heating, ventilation, and air conditioning (HVAC) [20, 21]. Additionally, when the electricity price
is low, PCMs can be charged by precooling or preheating using the building HVAC system [22],
and the stored energy can be later dispatched when the electricity price is high, providing flexibility
to manage the energy demand and reduce the total cost of electricity [19]. While several studies
looked at various ways of precooling or preheating PCM in buildings to reduce the stress on the
electricity grid during a specified time by peak shifting, the ability of passive thermal storage in a
residential building to continuously respond to the variability of grid electricity and provide load
flexibility under a high renewable energy generation scenario has not been investigated in the
literature. Considering the requirements for grid-interactive buildings, grid flexibility is an
important aspect that must be explored. Further, given the increasing interest in the TES
technology, there is an urgent need to evaluate PCM’s full potential and to support its integration

with more intermittent renewable energy sources to the existing grid.

In this study, we performed an analytical and numerical investigation to establish the relationship
between PCM-integrated envelopes and the grid’s TES requirements in relation to energy savings
and demand flexibility. Using ResStock™, a community-scale modeling program, we first
calculated the thermal storage required for full demand flexibility at the grid from a cluster of 500
lightweight residential buildings. The total TES requirement is then divided among individual
residential homes to evaluate the contribution by each home in meeting the total TES needs. We
then formulated an analytical method to quantify the load flexibility of a building. Later, PCM is
integrated into the building envelopes to determine if the load flexibility is achieved. We also
performed parametric and sensitivity analysis by varying several operating parameters—such as
PCM thickness, latent heat, interior temperature setpoint, PCM distribution in the building, and
heat transfer coefficients—and calculated the energy saving/penalty due to PCM inclusion to

maximize load flexibility.

The main objectives of this study are to (i) quantify the combined annual load flexibility and energy
saving potential of PCM-integrated building envelope using numerical modeling, (ii) optimize
various PCM thermophysical and operating parameters to maximize its thermal performance, and
(i) identify the sensitivity of PCM properties and other contributing parameters in optimizing the

magnitude of load flexibility while assessing HVAC energy savings.
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2 Literature Review

PCM inclusion in buildings is an extensively explored research topic. PCMs can be integrated into
building components in several possible ways: with HVAC system, in solar water heaters, or in
building envelopes [23, 24]. Among the options, building envelopes, such as the wall, roof, and
floor, provide the largest distributed surface area for effective heat transfer, making PCM-
integrated envelopes a promising solution for thermal storage [25, 26]. This method is particularly
effective in lightweight buildings, such as wood-framed constructions [27, 28], because it
significantly increases the thermal mass of a building without a major change in actual mass [29,

30]. In this brief literature review, we therefore focus only on lightweight buildings.

Evers et al. [31] reported that PCM-enhanced cellulose insulation in walls provides reductions in
the average peak heat flux by up to 9.2% and in the average total daily heat flow up to 1.2%.
Kishore et al. [21] noted that depending on the climate, optimized PCMs in U.S. building walls
can reduce the annual heat gain up to 47.2% and the annual heat loss up to 8.3%. Prior studies
have also reported that PCMs can reduce the buildings” HVAC energy requirements and thus
provide significant savings in energy cost. Biswas et al. [16, 17] reported that PCM-enhanced
cellulose insulation can reduce electricity consumption for space conditioning by 11%-21.9% In
a similar study, Kosny et al. [32] noted that a south-facing vertical wall containing a layer of PCM-
insulation mixture provides 20%—-35% reduction in peak cooling load and provides load shifting
of about 3 hours during summer days. Stovall and Tomlinson [33] noted that a PCM-integrated
envelope’s effect on the building’s energy use depends on the interactions among the exterior
climate, thermostat control strategy, PCM transition temperature, and PCM placement in the wall.
Neeper [34] stated that the thermal storage capacity of a PCM-integrated wall depends on the PCM
melting temperature, the temperature range over which melting occurs, and the latent heat per unit

area of the wall.

A key parameter that dramatically affects the performance of PCM is its location within the
building envelope. There are several studies that are particularly dedicated to finding the most
suitable location for the PCM layer in the envelope [35-37]. For instance, Jin et al. [38, 39] through
several experimental and numerical studies concluded that the optimal location of a PCM layer in
the wall was affected by the thermal properties of PCM as well as the exterior conditions. The

optimal PCM location in the wall moved toward the exterior surface when the PCM thickness,
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latent heat, or transition temperature was increased, whereas the optimal PCM location shifted
closer to the interior surface when the interior temperature was increased [40, 41]. In a similar
study, Fateh et al. [42, 43] reported that the maximum reduction of heat consumption occurred
when the PCM was located near center of the wall cavity. Likewise, Lee et al. [44] found that the
PCM located at 2/5 of the cavity thickness from the interior in the south-facing wall and 1/5 of the
cavity thickness from the interior in the west-facing wall provided maximum peak heat flux
reduction. Kosny et al. [45] investigated three configurations of condensed PCM in the ceiling
layer and noted that PCM located on the in the middle and on the bottom of the ceiling (attic floor)
insulation were the best performing installation strategy for condensed PCM. Tuncbilek et al. [46]
concluded that to utilize the latent heat, PCMs layer should be located near the interior while
stating that locating the PCM layer near the exterior does not result in any energy savings and may
even increase the energy demand. They further suggest that PCM should ideally be placed in a
location that maximized thermal interaction with the interior zone. Al-Absi et al. [47] conducted
an extensive review of literature which investigate optimum PCM positioning in building
envelopes. They concluded that the optimal location of PCM depends on several factors such as
application target, weather condition, indoor environment, PCM material properties, and envelope

structure and configuration.

While it is well-reported that PCMs integrated into envelopes provide multifold benefits, there are
several practical challenges that limits their wide-spread deployment. First, the performance of
PCM-integrated envelope depends on multiple factors, including indoor and outdoor temperature
conditions and PCM thermophysical properties such as melting temperature, melting temperature
range, latent heat, and thermal conductivity of the PCM. All these factors need to be
simultaneously optimized to maximize the benefits and least deployment cost [48]. Second, there
are material-related concerns that have not been fully addressed. Organic PCMs such as paraffins
although highly durable and cost-effective, exhibit low thermal conductivity. Inorganic PCMs such
as salt hydrates have relatively higher thermal conductivity but suffer from complex thermal
characteristics such as thermal hysteresis and sub-cooling tendencies. Further, since passively
applying PCMs in building envelopes requires the material to be integrated with existing material
layers as a composite or added as an adjoining layer, the implementation can be restricted by laws
or regulations that require the use of non-toxic, non-flammable materials [49]. Due to these

reasons, several organic PCMs recently have been hydrogenated and mixed with less flammable
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bio-based materials [50]. However, these processes can increase the production cost of the
material. The high costs of PCMs, particularly the organic materials, are also driven by the fact
that they are mostly crude oil based, and therefore the price greatly depends on oil market [51].
Compared to organic PCMs, inorganic PCMs are less-expensive, non-flammable, and less toxic,
but they are corrosive and suffer from phase separation, large volume change, and super cooling
causing a significant loss in latent heat enthalpy [9]. Another challenging aspect of passive PCMs
is the need for repetitive performance. A recent analysis by Rathore and Shukla [52] reports that

PCM must be capable of undergoing more than 5000 thermal cycles.

Despite these challenges, the benefits provided by PCM in managing the building energy demand
should not be under-estimated. Along with reduction in building energy use, the ability to shift the
timing of peak energy demand is a key aspect of PCM-integrated envelopes. When passively
controlled, a PCM-enhanced envelope provides 2—3 hours of shift in peak load hour; active control
using precooling/preheating techniques can shift this load even further toward off-peak hours.
Turner et al. [18] reported that PCM-integrated envelopes with deep precooling strategies could
shift up to 99% of the cooling load in the peak period to the off-peak period. In a similar study,
Kishore et al. [22] noted that the optimal precooling strategy for PCM-integrated wall can shift the
peak heat gain by up to 14 hours, thereby reducing the heat gain during peak period by up to 95%.
Wijesuriya et al. [19] reported that the optimal combination of PCMs, convection mode, and
precooling schedule can completely shift cooling energy use during a 3-hour demand period,
producing maximum cost savings up to 29.4%, while increasing occupants’ comfort. Most of the
prior studies, however, have focused on the energy savings aspect of PCM-integrated building
envelopes. While it has been established that PCM-integrated envelopes provide benefits, its
influence on the grid still needs to be established. So, in this study, we investigate the grid

flexibility aspects of PCM-integrated envelopes.
3 Methods

The present study was conducted in two stages: (i) the TES requirement for the desired demand
flexibility at a utility grid was calculated using community-scale data from ResStock (a cluster of
500 residential buildings) [53], and (ii)) PCM-integrated envelopes were optimized using a
building-scale model using EnergyPlus® [54] to achieve the desired TES requirement cascaded

down to each residential house.
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3.1 Determining Grid Needs

Although the analysis is focused on a single residential building, it is important to model the
electrical grid at a larger scale to account for variability in energy storage more accurately. Thermal
loads in homes are not synchronized, therefore, it is important to model enough individual homes
such that, when the loads are aggregated, there is sufficient granularity and the mismatch between
the energy load and the power generation on the grid can be accurately defined. Ideally, the entire
US electrical grid and all the loads would be modeled. For computational efficiency, we elect to
model only enough residential buildings to provide a reasonable approximation of the load
variability they represent to the grid. We do not consider commercial or industrial loads; although
those are important, the majority of peak loads on the grid are due to residential thermal loads.
Therefore, our approach is more tractable while still highlighting the driving factors behind the
need for energy storage and grid flexibility: high penetration of renewable energy and residential

thermal loads. We made following assumptions to simplify the analysis.

e The grid serves only a cluster of 500 residential buildings that are representative of the
features, age, and location of homes in the US
e All buildings are independent

e The TES contribution for each building is proportional to its total annual thermal load.

In this study, we randomly chose 500 buildings from the ResStock library of approximately
350,000 archetype US homes. That number is arbitrary but was chosen to balance computational
efficiency with granularity of the results. While the total thermal storage needs at a utility grid will
certainly vary with the change in the number of buildings it serves, the procedure established in
this paper to calculate PCM requirement, such its material properties, quantity, and location, at an
individual residential home would remain unchanged. The second assumption related to the mutual
independence of all the residential homes in the cluster is essential and realistic. Currently, the
individual homes in most communities in the United States are independent in terms of their energy
needs and uses; therefore, the TES contribution of each individual home is expected to be solely
dependent on its own thermal load not on the other neighboring homes in the community. The last
assumption relating the thermal load and TES contribution was essential to scale the total thermal
storage requirement at the grid to each residential building. We have divided the total TES at the

grid among the individual buildings based on the proportion of energy demand at a single building
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over the total energy demand on the grid. While this method is linear and simple to implement, a

complex formulation can also be used without affecting the remaining portion of this study.

We developed a methodology to quantify the impact of temporal control on the ability of buildings
to provide flexibility to the grid. Specifically, our method determines how much peak net load on
the grid can be reduced due to the load-shifting potential of TES. Net load (Qy.:) on the grid is

defined as:

Qnet (£) = Qrotar (t) — Qg (2) 1)

where Qr,:q; 1S the total instantaneous power demand on the grid and is the sum of all various
individual loads, such as space heating and cooling, hot water, lighting, etc., from the buildings.

Qy¢ is the variable power generation from renewable resources.

The total load profiles (Qr,:q:) Were obtained from several ResStock simulations, whereas the
variable power generations (Qy) were drawn from the National Renewable Energy Laboratory’s
reV model [55]. We assumed that 80% of the total power generation comes from variable sources.
These are aggressive assumptions that represent a future situation in which the need for storage
and the potential for thermal storage are much higher than today [56]. In the absence of time-
shifting control in loads, any positive net load must be served by dispatchable generation (e.g.,
hydroelectric or natural gas power plants), whereas any negative net load implies that there is more
variable generation than demand at that moment and therefore some of the variable generation
must be curtailed or stored. Additionally, the required amount of dispatchable generation capacity
is a function of the peak net load. The greater the peak net load, the more dispatchable generation
is required to serve that demand. TES can reduce the peak net load, thereby reducing the amount
of required dispatchable generation while still meeting the thermal load demand of end users.

The thermal storage requirement for the entire year was calculated as follows. Because TES only
shifts energy, we can theoretically determine a bounding case for the maximum amount of useful
energy storage. If the efficiency of the storage is 100%, the entire net load profile could be
smoothed out to a single average value. In other words, the minimum possible dispatchable
generation (DG,,;,) is equal to the average over the course of the year. In this hypothetical scenario,
the dispatchable generation fleet would be running constantly, with TES charging and discharging,

serving the time-varying demand.
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DGyin = %f; Qe (t) dt (2)

where T is the total time of the year in hours, which is 8,760 hours.

By comparing the difference between the net load (Qy..) and minimum dispatchable generation
(DG pin), We can calculate the energy required for charging (Qz) and discharging (Qz;) the overall

energy storage system at the grid.

Qs (1) = Qe (1) = DGpin (1) 3)

QE_'S (t) = DGmin(t) - nget(t) (4)
Note that Q¢ is the total energy storage, including thermal storage as well as all other forms of
energy storage, such as electrochemical batteries. The thermal component of the energy storage is
limited by the fact that thermal storage can only be “discharged” up to the rate of thermal loads in
buildings in any given time. That is because thermal storage can only supply thermal loads (thereby
offsetting electricity needed to supply those loads). Also, the charging capacity of the TES is
limited by the maximum discharging requirements. This was instituted to prevent “oversizing” the

TES power requirements based on preventing curtailment rather than on supplying needed thermal

energy. Based on the above logic, the TES power (Qrgs 4) at the grid can be calculated as:
QFEs,g (t) = min(QThermal (t)r QEs(t)) (5)
Q’l-i:Es,g (t) = min(max(QT_"Es,g (T))' Qgs (t))) (6)

where Qrnermar 1S the total thermal load in the building connected to the grid at any given time,
and Q7gs 4 and Q7 4 are the charging and discharging rates of TES. Here subscript “g” has been
used to specify the TES requirement at the grid. We will subsequently use subscript “b” to

differentiate it from TES contribution by a single building, which can be calculated as:

Qrisy(®) = =29 Qrps (D) 7)

QTotal(t)

Here it is assumed that total TES at the grid (Qrgs,q) is divided among the individual buildings

based on the energy demand at a single building (Qrgs ) versus the total energy demand at the
grld (QTotal)-

Figure 1 shows the requirement of thermal storage determined through the method described above

for a residential building in Baltimore, Maryland. Figure 1(A) shows the variation in hourly TES
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needs for an entire year. The positive values show the charging requirement, and the negative
values show the discharging requirement. The total annual TES requirements are 2,772 kWh for
charging and 3,684 kWh for discharging. Figure 1(B) zooms in on four days in July (July 1-4) to
showcase the variations of charging and discharging requirements. Typically, TES is charged
(storing energy) during off-peak hours when demand is small and discharged during peak hours

(releasing energy) when demand is high.

- N

'I_‘O

TES charging and
discharging rate (kW)

1
[y

1
N

Charging
2 Off-peak hours (energy stored)

T Aan anfh

0

A 4
q1dul VV\/ Z-Ju\/ \/ v \/ \I \jljul \/ 4-Jul
-2 Peak hours \ Discharging

(energy released)

TES charging and
discharging rate (kW)

Figure 1. TES charging and discharging rates of a residential building in Baltimore, Maryland for

grid flexibility during (A) an entire year, (B) four days, July 1-4.

The energy efficiency of a PCM-integrated building is defined as the reduction in energy use by
the PCM-integrated building over the energy use in a reference building with no PCM.

[TAE(t) dt
77samng m (8)

where, E(t) is the energy use in the reference building, and AE(t) is the change (increase or

decrease) in energy use caused by the presence of TES in the PCM-integrated building.
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In this study, the load flexibility potential of the PCM-integrated building is determined by
comparing the energy change caused by the PCM against the TES charging/discharging
requirements. Mathematically, it can be expressed as:

_ JyAE*(Dat

+ _Jo ™ MU
nflex. - foT Q;Es,b(t) dt (9)
- _ bt ®ar (10)
nflex f(;’: Q;ES_b(t) dt
JTAE*(t) dt+ [ AE™(t) dt
Nflex. = x 3 (11)

N fg Q’ITES,b(t) dt+f(;rQ’1:ES,b(t) dat

where AE* and AE~, respectively, are the increase and decrease in energy loads in a PCM-
integrated building compared against the reference building, and Q7 and Q7zs ;. respectively,
are TES charging and discharging rates associated with the building. n}flex. and 7nz e, represent
load flexibility during charging and discharging the TES, whereas 7y, is the overall load
flexibility by the PCM-integrated building.

Note that the benefits of the PCM integrated into the building walls are not solely due to its latent
heat but also because of the added thermal resistance and the heat capacity since it is in addition
to existing insulation. As highlighted in the references [46, 57-59], a phase-stabilized material
(PSM) wall can be defined that contains the PCM layer but its latent heat is not exploited because
the melting and solidification do not occur due to mismatch between transition and operating
temperatures. Arici et al. [58] reported that while a PSM wall provides certain energy saving
benefits, utilizing PCM latent heat is crucial as it provides substantially higher energy saving. The
primary goal of this study is to evaluate the overall benefit of using the PCM; therefore, we have

not specifically differentiated between the PSM and PCM walls.
3.2 Building Model

Figure 2(A) shows the single-family residential building model [60] used for the analysis in this
study. The building has a floor area of 387 m? (4,166 ft°) and a net conditioned area of 187 m?
comprising a living area and the garage zone. The living zone is enclosed with six exterior wall
surfaces, ceiling, and the floor. Three of the exterior wall surfaces are facing north, and the
remaining three wall surfaces are facing east, west, and south. In addition to the conditioned zones,

the building includes an unconditioned basement and an unfinished attic.
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The climate used this study is Baltimore, MD, USA whose weather file was obtained from Typical
Meteorological Year database [61]. Figure 2(B) shows the exterior wall structure of the typical
building containing no PCM. The house without PCM is considered the reference case. PCM is
added to various assemblies enclosing the living zone in a stepwise manner. Starting with the
exterior walls, a PCM layer is included behind the drywall, as shown in Figure 2(C). The PCM
location in the wall is a crucial parameter as it determines the extent of its interaction with the
interior and exterior environments. When the PCM is placed near the exterior, it interacts very
effectively with the exterior environment, but due to the large thermal resistance of the wall
insulation, it is unable to effectively transfer the stored energy to or from the interior. On the other
hand, when PCM is located near the interior, it interacts effectively with the interior, but it is unable
to effectively utilize the benefits of diurnal temperature swings and related free ambient cooling/
heating phenomena. Based on our prior study [48], PCM located near the interior provides
maximum load flexibility benefits because of the higher interaction between the interior
environment and the PCM that allows controlled phase transition during the charging and

discharging processes.

(A) (B) (C)
2 &2
A - 3 .
= = T = - o
o S S s - 2 S G e
@ © = S o © = ®Blc o
i i} © = N & L] o =~
> 1= = @ oo > L= 5 @ o
w w o e wl w o -
= c ol c = = 8l c =
© — B = © 5 — =
= = = =

Figure 2. Residential building model: (A) whole-building view, (B) exterior wall structure without

PCM, and (C) exterior wall structure with PCM behind the drywall.

All the simulations were performed using EnergyPlus version 9.4, which is an established whole
building energy simulation program used to model both energy consumption and water use in
buildings [62]. The program employs one-dimensional conduction finite difference (CondFD)
algorithm to model the PCMs using two modules called “MaterialProperty: PhaseChange” and
“MaterialProperty: PhaseChangeHysteresis”. Since we neglected the hysteresis in the PCMs
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considered in this study, we used the first module, “MaterialProperty: PhaseChange”, which has
been previously validated using multiple other commercial programs [63] as well as against the
experimental data [64]. Since more detailed information about CondFD model in EnergyPlus can
be easily found in the published literation [65], here we provide only a brief information for brevity
of this paper. The CondFD model comprises four different types of nodes: interior surface nodes
internal nodes, material interface nodes, and external surface nodes, and uses an implicit finite
difference scheme as its solver, which solves the one-dimensional heat transfer equation at each
of the nodes indicated above. We used the fully implicit scheme for numerical analysis in this

study.

Table 1 lists the various layers of the envelope components in the reference building. The material
layers are indicated from exterior to interior. The PCM layer is added in addition to the existing

components of the reference building, increasing the total thickness of the envelope.

Table 1. Layer structure of the wall assemblies in the residential building considered in the study.

Layer position Ceiling Exterior Floor Interior walls
walls
1 (Exterior layer) Additional ceiling Exterior Drywall Wall sheathing
insulation finish
2 Truss and Wall Stud and air layer Wall stud and
insulation sheathing cavity
3 Drywall Wall stud Floor sheathing Wall sheathing
and cavity
4 Drywall Wood floor
5 Floor covering
R-value
(°F-f2-h/BTU) 13.1 10.1 5.3 9.6
U-value
(K-m2/W) 0.433 0.562 1.071 0.591
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Table 2 shows the thermophysical properties of the building materials. We assume that the PCM
IS macro-encapsulated and used in the form of pouched sheets or shape stabilized layers. The
material properties of all components are taken from default material library of EnergyPlus. Prior
studies have recommended that the PCM layer used in the envelope should be thin to ensure
minimal thermal resistance along the thickness [66]. For the parametric analysis, we have
considered PCM thicknesses in the range of 0.64-3.81 cm. PCM latent heat is varied from 50 kJ/kg
to 250 kJ/kg, which is within the range of values reported for low-cost commercial PCMs [67, 68].
For simplicity, we ignore the complex PCM behaviors and assume the melting and freezing curves
are the same. The thermophysical properties of the PCM were taken from the commercial datasheet
of savE® OM series PCMs, which are blend of various organic fatty acids [69]. The PCM was
assumed to have transition temperature in the range of 16°-26°C, which is also consistent with

commercially available organic PCMs [69].

Table 2. Thermophysical properties of the building envelope. The information was taken from
references: [69, 70].

Layer Density Thermal Conductivity Specific Heat Latent Heat  Thickness
(kg/m?) (W/m-K) (I/kg-K) (kJ’kg) (cm)
Additional ceiling 16 0.06 1,047 - 5.08
Insulation
Drywall 550 0.15 1,089 - 1.30
Floor covering 54 0.04 1,340 - 1.30
Floor sheathing 513 0.12 1,214 - 1.90
Air + stud 68 0.56 1,210 - 14.0
Insulation + stud 162 0.06 1,178 - 8.89
Truss + insulation 51 0.06 1,165 - 8.89
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Wall sheathing 512 0.12 1,214 - 1.30

Wood floor 545 0.12 1,211 - 1.60
PCM (solid) 880 0.30 2,750 50-250 0.64-3.81
PCM (liquid) 880 0.10 1,848 50-250 0.64-3.81

Table 3 provides the information related to the thermal loads and the HVAC system in the

residential building considered for the analysis. There are two conditioned spaces in the building,

the living zone and the garage zone. To apply the envelope modifications, only the living zone is

considered in this analysis. The HVAC system in the building comprises of an accessory dwelling

unit residential air-source heat pump that provides both cooling and heating to the building. The

energy source for the heat pump is electricity. A supplementary heating coil is also electrically

powered.

Table 3. HVAC system and loads in the residential building considered in the study.

Items Description Specifications
Lighting Lighting level 258 W
Residential ceiling fan 19.3W
Residential clothes dryer 187 kw
Residential clothes washer 7.8 kKW
Appliances Dish washer 11.7 kW
Miscellaneous plug loads 2710 W
Range electric 225 W
Refrigerator 109 W
Average number of people 1.32
People
Sensible heat fraction 0.57
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Rated cooling capacity 4.92 kW

Cooling Gross rated cooling COP 4.07
Rated air-flow rate 0.26 m3/s
Gross rated heating COP 3.33
Heating )
Rated air-flow rate 0.25 m3/s
Nominal capacity 6.35 kW
Supplementary heatin
PP Y J Heating COP 1
Efficiency 75%
Fan )
Maximum flow rate 0.33 m%s
Window-to-wall-ratio 0.15
Living zone floor area 98 m?
Living zone vertical surface area 113.5 m?
Net-conditioned volume 235.2 m®

Additional Information
Seasonal Energy Efficiency

Ratio (SEER) 13
Air Source Heat Pump
Heating Seasonal Performance

Factor (HSPF) 7.7

3.3 Parametric Analysis

The performance of PCM-integrated envelopes depends on several parameters including the
PCM’s transition temperature, its thermophysical properties, thickness, location, the interior
thermostat control strategy, and the heat transfer coefficient between interior wallboard and indoor
air. In this study, we performed a parametric analysis in a predetermined range, which was

prepared based on a preliminary analysis and literature review.

Table 4 lists the range of various parameters used in the analysis, which was performed in a

stepwise manner by varying one parameter at a time while keeping the remaining parameters
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constant. During every optimization step, one parameter was examined and then the optimal value
was selected before moving forward to the next one. As mentioned in Section 3.2, the PCM layer’s
thickness is varied in the range of 0.25-1.50 in. (0.64—-3.81 cm). The latent heat of PCM was varied
in the range of 50-250 kJ/kg. The heating and cooling setpoints were dynamically varied in
accordance with the grid level TES requirements, so that the PCM can be solidified and melted as

per TES charging and discharging needs. We define the variable setpoint (T,) to account for the

variation in setpoint temperature to actively charge and discharge the PCM.

Tsp(t) — Tmsp i |QTES,b (t)l T (12)

max (Qresp) U°P

The instantaneous TES requirement (Q;gs, b) was obtained from equations (5) to (7), and the mean
setpoint temperature (T;,,,) Was fixed at 22.8°C for the cooling season and 19.0°C for the heating
season. The maximum thermal storage requirement, max (Qrgs »), Was taken to be 2.0 kW, which
is approximately the average of the discharging peaks in Figure 1(A). The variable component of
setpoint temperature (7y,s,) Was varied within the range of 0.5°-2.0°C to ensure thermal comfort

of the occupants.

We also varied the PCM distribution in the building as follows. First, PCM was added in the
exterior walls (EW). Later, in addition to the exterior walls, PCM was included in the ceilings (C),
floors (F), and interior walls (IW). The PCM layer is added behind the drywall of the exterior walls
and ceiling; for the floor, the PCM layer is added underneath the wood floor, and for the interior

walls, PCM layers are placed behind the drywall on either side of the wall stud and cavity layer.

Lastly, we examined the effect of different heat transfer coefficients. TARP is the default natural
convection model used in this study and is a built-in function in EnergyPlus [71], which calculates
variable convection coefficients at the interior surfaces based on the temperature difference
between the surface and zone air [72]. Figure 3 shows the annual convection coefficient variation
for different surfaces within the occupied zone with TARP model. Note that convection coefficient
on all the surfaces remains lower than 2.5 W/m?-K throughout the year. The energy Management
System (EMS) modeling environment of EnergyPlus allows users to override the convection
coefficients at the interior surfaces of the building model. During the parametric analysis, we

varied the heat transfer coefficient in the range of 2.5-10 W/m?-K in 2.5 increments to implement
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mixed and forced convection conditions assuming the operation of ceiling fans and compared the

performance against the TARP model [73].
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Figure 3. Convection coefficient variation at each interior surface with TARP model

The effectiveness of PCM-integrated envelopes toward achieving the grid’s TES requirements was
determined by comparing the HVAC related electricity use in buildings with and without PCMs.
The energy use in the building without PCM (the reference house) was considered the baseline.
For the reference case, a constant cooling setpoint of 73°F (~22.8°C) and a constant heating
setpoint of 66°F (~19.0°C) was considered along with the TARP convection model at the interior
surface of the exterior walls. The difference of the energy consumption between the reference
building and PCM-integrated buildings is calculated at each 1-hour interval. The positive value
indicates the energy penalty (extra energy consumed by the PCM-integrated building), whereas
the negative value infers an energy savings (less energy consumed by the PCM-integrated building

by minimizing the energy use by HVAC).

Table 4. Various parameters, their default value and the range used for the parametric analysis.

Parameters Units  Default Value Investigated Values
PCM thickness
cm 0.64 0.64,1.27,1.91, 2.54, 3.18, 3.81
(tpem)
Latent heat (LH) kJ/kg 100 50, 100, 150, 200, 250
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Variable setpoint
°C 2.0 0.5,1.0,15,20
temperature (T,sy)

Exterior walls (EW),

Exterior walls + Ceiling (EW + C),
Exterior walls

PCM distribution ) (EW) Exterior walls + Ceiling + Floor (EW + CF),

Exterior walls + Ceiling + Floor + Interior
Walls (EW + CF + IW)

Heat transfer

o W/m?-K TARP TARP, 2.5,5.0, 7.5, 10.0
coefficient (HTC)

Figure 4 illustrates a flowchart summarizing the steps used during the parametric analysis. Each
parameter indicated in the Table 4 was varied while keeping the other parameters constant at a
default value. After every step of the parametric analysis, the optimum value of a certain parameter
was selected and later used in the subsequent steps. The baseline case represents the operating
conditions of the reference building used to compare and calculate the annual load flexibility and
energy savings in a PCM-integrated building. As shown, during the first four steps of the
parametric analysis (used to optimise PCM thickness, latent heat, VSP, and PCM locations), a
common baseline case comprising no PCM, no VSP, and a constant heat transfer coefficient
(TARP) was used. However, in the final step of the analysis, the heat transfer coefficient was

varied in the reference as well as PCM-integrated building.
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1

PCM thickness:
0.64 -3.18 cm

5

HTC:
2.5-10.0 W/m?-K

VSP: 0.5-2.0°C

Thickness: t,p,

Latent heat: 100 ki/kg PCM thickness:t

opt

VSP: 2°C Latent heat:LH,, Latent heat: LH,,
Location: EW only Location: EW only VSP.: VSPopt
HTC: TARP HTC: TARP Location: LOC,,

Optimum thickness Optimum latent Optimum Location

(topt) PCM latent heat: heat (LH,,) PCM location: LOC,e
50 - 250 kl/kg EW - EW+C+F+IW
PCM thickness: t,, Thickness: t,,
VSP: 2°C Latent heat: LH,,,
Location: EW only VSP: VSP,,
l HTC: TARP HTC: TARP A J
Baseline case: Baseline case:
No-PCM, No VSP HTC: TARP No-PCM, No VSP

HTC: HTC varied

Figure 4. Flowchart illustrating the steps used during the parametric assessment.

4 Results and Discussion
4.1 Load Flexibility by a PCM-Integrated Building

As explained in Section Error! Reference source not found., determining load flexibility and
energy savings in the PCM-integrated building requires comparing it against the energy use in the
identical reference building containing no PCM or VSP. Figure 5 shows the procedure used to
obtain the change in HVAC energy use (AE* and AE™) in the PCM-integrated building in
comparison to the reference building. For illustration, we have shown only the first four days of
July, but this procedure was followed for the entire year. As shown in Figure 5(A), a constant
temperature setpoint depicted as “baseline” was used in the reference building, whereas the
setpoint temperature in the PCM-integrated building was altered in accordance with TES
variations (shown in Figure 1) to allow controlled charging and discharging of the PCM. Due to
the influence of the PCM, the energy use profile of the PCM-integrated building varies
substantially from that of the reference building, as shown in Figure 5(B). When energy use in the
PCM-integrated building is higher than the reference building, it is considered an energy penalty

even though this is eventually used to charge the PCM. Likewise, when energy use in the building
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is lower than that of the reference building, it is considered an energy savings, as the surplus energy
is provided by the PCM during discharging. The positive and negative differences in the energy
use, shown in Figure 5(C) and (D), eventually provide the load flexibility, which can be calculated
using equations (9) to (11) described in Section Error! Reference source not found..
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Figure 5. Steps used to obtain change in HVAC energy use (AE™ and AE ™) in the PCM-integrated
building. (A) Variable temperature setpoint used to controllably charge and discharge the PCM.
(B) Energy use in the PCM-integrated building versus energy use in the reference building
containing no PCMs. (C) Increase in energy use due to energy storage in PCM. (D) Decrease in

energy use due to energy released by PCM.

Figure 6 compares the TES charging energy (Q75s ;) and discharging energy (Q7zs ;) needed for
demand flexibility versus change in energy (AE* and AE™) provided by the PCM. The energy
penalty (AE™) and energy savings (AE ™) signify the contribution by the PCM-integrated building
in meeting demand flexibility. Comparing the TES charging and discharging needs and variable
energy use in the PCM-integrated building in Figure 6(A) and (B), we can see that the PCM-
integrated building can reproduce the continuous variability needed for grid flexibility; however,
the magnitude is nearly one order lower, which is expected considering the small amount of PCM

used in the building envelope. The total TES charging and discharging energy needed for full load
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flexibility is 2,772 kwW-h and 3,682 kW-h, respectively, whereas the positive and negative change
in energy use in the PCM-integrated building is 553 kW-h and 658 kW-h, respectively. In other
words, the PCM-integrated building in the given case can meet 19.9% of the total TES charging
requirement and 17.9% of the total TES discharging requirement. Overall, the PCM-integrated
building in the given case provides an annual load flexibility of 18.8% and an annual energy
savings of 3.5%. Note that the results shown in Figure 6 are for a sample case, where the PCM in
the exterior walls has a thickness of 0.64 cm, and latent heat of 100 kJ/kg. The variable setpoint

point (T,sy) is 2°C and the convection model used is TARP. We will see in the subsequent sections

that load flexibility and energy savings can be substantially enhanced by parametric optimization.
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Figure 6. Accessing total TES requirements versus change in energy use for (A) charging, and (B)
discharging in a PCM-integrated building.

4.2 PCM Thickness

Figure 7 shows the effect of PCM thickness on the annual load flexibility and energy savings in a
PCMe-integrated building. The PCM thickness is varied from 0.64 cm to 3.81 cm, while keeping
latent heat fixed at 100 kJ/Kg, T, = 2°C, convection model as TARP, and PCM included in the
exterior walls only. As shown in Figure 7(A), the effect of PCM on load flexibility is prominent
when its thickness is increased from 0.64 cm to 1.91 cm, providing an increase in load flexibility
from 18.8% to 19.3%. However, increasing PCM thickness beyond this value provides no major
benefits in terms of load flexibility. Figure 7(B) shows the effect of PCM thickness on annual
energy savings. Annual energy savings increase from 3.5% to 7.4% with increase in PCM
thickness from 0.64 cm to 3.81 cm; however, there are diminishing returns. This happens despite
the higher energy storage capacity provided by a thicker PCM layer. Prior studies have reported

that interior temperature fluctuations are smaller when the PCM thickness is large [74, 75],
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implying that its utilization reduces as thickness increases. That indicates that though the thermal
storage capacity of the PCM increases with increase in its thickness, additional PCM remains
unutilized when the thickness is greater. Consequently, load flexibility as well as energy savings
first increase with an increase in PCM thickness because it helps in achieving higher energy
storage; however, beyond a certain limit, additional energy storage capacity remains unutilized,
providing limited benefits. Because the focus of this study is load flexibility, we select a PCM

thickness of 2.54 cm for the remaining analysis in the paper.
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Figure 7. PCM thickness versus the (A) annual load flexibility and (B) annual energy savings in
the PCM-integrated building.

4.3 PCM Latent Heat

Figure 8 shows the effect of PCM latent heat on the annual load flexibility and energy savings
potential of the PCM-integrated building. Latent heat is increased from 50 kJ/kg to 250 kJ/Kkg,
while keeping thickness fixed at 2.54 c¢m, T,, = 2 °C, convection model as TARP, and PCM
included in the exterior walls only. The effect of latent heat is like that of PCM thickness because
both these factors affect the heat capacity of the PCM. Increase in latent heat leads to an increase
in load flexibility as well as energy savings; however, there are diminishing returns. Load
flexibility nearly saturates at 19.5% beyond latent heat of 200 kJ/kg. Annual energy savings, on
the other hand, continues to increase from 5.8% to 7.4% with increases in latent heat from 50 kJ/kg
to 250 kJ/kg; however, the benefit is reduced. Like PCM thickness, increase in latent heat reduces
the interior temperature fluctuations and, therefore, the variation of melting fraction of the PCMs.
In other words, utilization of PCM reduces with increases in its latent heat capacity. This infers

that part of the PCM’s heat capacity remains unutilized when the latent heat is high, thereby
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resulting in diminishing benefits. Based on these observations, we selected latent heat of 200 kJ/kg

for the remainder of this study.
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Figure 8. PCM latent heat versus the (A) annual load flexibility and (B) annual energy savings in
the PCM-integrated building.

4.4 Variable Setpoint Temperature

Figure 9 shows the effect of variable temperature setpoint (7y,5,,) on the annual load flexibility and
energy savings. T, is increased from 0.5°C to 2.0°C, keeping PCM thickness fixed at 2.54 cm,
latent heat at 200 kJ/kg, convection model as TARP, and PCM included in the exterior walls only.
Increase in T, results in higher interior temperature fluctuations, which eventually drive higher
utilization (melting/freezing) of the PCM, causing an increase in both charging- and discharging-
related energy. As shown in Figure 9(A), load flexibility increases almost linearly from 7.1% at
Tysp=0.5°C to 19.5% at T,,;,= 2.0°C. Increasing T,,5,, beyond this value can further increase load
flexibility; however, because the interior temperature affects the occupants’ comfort, there is a
limit beyond which variable setpoint range cannot be increased. ASHRAE Standard 55-2010 [76]
specifies that the operative temperature may not change more than 2.2°C (4.0°F) during a 1-hour
period. If variations are created because of control or adjustments by the user, higher values may
be acceptable. We note that the largest change of temperature within an hour is ~2.7°C when T,,,,

= 2°C, which is slightly higher than the value specified in the standard; therefore, we selected T,

= 2°C for further analysis in this paper.

As shown in Figure 9(B), the effect of T,, on energy savings is different than load flexibility.
Annual energy savings first increase from 5.6% at T,5,, = 0.5°C to 7.9% at Ty,5,, = 1.0°C, but this

decreases with further increase in T,,. This is expected because energy savings by PCM requires
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stable interior temperature to reduce HVAC operation. Alternatively, load flexibility requires
variable interior temperatures to maximize PCM charging and discharging. Increase in T,
beyond 1.0°C significantly increases HVAC operation, causing higher energy use and thus lower
energy savings. Because in this study our primary focus is to enhance load flexibility, we have

considered T, = 2.0°C for the subsequent analysis.
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Figure 9. Variable setpoint temperature versus the (A) annual load flexibility and (B) the annual

energy savings potential of the PCM-integrated building.
45 PCM Distribution

Figure 10 shows the effect of PCM distribution on the annual load flexibility and energy savings.
PCM distribution in the building envelope is increased by adding PCM in the external walls (EW),
ceiling (C), floor (F), and internal walls (IW). The remaining parameters remain unchanged: PCM
thickness is 2.54 cm, latent heat is 200 kJ/kg, T,s, = 2°C, and the convection model is TARP.
Increasing PCM distribution, in general, increases load flexibility as well as energy savings.
However, it is not certain that an increase in PCM quantity in the building would always enhance
energy saving and load flexibility. As shown in Figure 10, adding PCM in the ceiling enhances
thermal performance of the building; however, the same quantity of PCM in the floor does not
provide any benefit. We attribute this to the low R-value of the floor, which is about three times
lower than that of the exterior walls, leading to large thermal losses. Overall, as shown in Figure
10(A), load flexibility in the PCM-integrated building increases from 19.5% for EW-only case to
22.3% for EW + CF + IW case. As shown in Figure 10(B), energy savings increase from 7.1% for
the EW-only case to 11.4% for the EW + CF + IW case.
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4.6 Heat Transfer Coefficient

Figure 11 shows the variation in the annual load flexibility and energy savings with an increase in
the heat transfer coefficient at the inner surfaces. For these simulations, PCM thickness is 2.54 cm,
latent heat is 200 kJ/kg, T,,s, = 2°C, and PCMs are added to exterior walls, floor, ceiling, and the
interior walls. The first case shows the default TARP model, where the convection coefficient
changes through the year (as shown in Figure 3), but it always remains lower than 2.5 W/m?-K.
The remaining cases illustrate the constant heat transfer coefficients: 2.5, 5, 7.5, and 10 W/m?-K.
The effect of increasing the heat transfer coefficient on load flexibility and energy savings is nearly
the same as that of variable setpoint temperature; both these factors eventually increase the heat
interaction between energy storage in PCM and indoor air. As shown in Figure 11(A), increasing
the heat transfer coefficient from TARP to 10.0 W/m?-K linearly increases load flexibility from
21.5% to 33.6%. On the other hand, energy savings first increases from 9.9% to 11.7% with the
increase in the heat transfer coefficient from TARP to 5.0 W/m?-K, but it gradually decreases
beyond this point. As explained in the case of variable temperature setpoint, operating conditions
that provide high load flexibility also result in large interior temperature fluctuations, which

eventually increases HVAC operation, reducing energy savings.
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Figure 11. Heat transfer coefficient versus the (A) annual load flexibility and (B) the annual energy

savings potential of the PCM-integrated building.
4.7 Comparison to Reference Building with Variable Setpoint Strategy

Discussions in the previous sections suggest that control strategies like variable setpoint
temperature and operational parameters such as heat transfer coefficient have a strong effect on
load flexibility. In this section, we compare the performance of the PCM-integrated building and
the reference building having variable setpoint temperature, T, = 2°C and an enhanced heat
transfer coefficient. All other parameters remain fixed as used in Section 4.6. Figure 12 shows the
annual load flexibility and annual energy savings versus different heat transfer coefficient for the
PCM-integrated building and the reference building having variable setpoint temperature (VSP).
As shown in Figure 12(A), the PCM-integrated building provides 3.9% to 8.5% higher load
flexibility than the reference building with the same VSP. This indicates that comparing against
load flexibility by the reference building, the PCM-integrated building provides 22%-33% higher
load flexibility. Additionally, as shown in Figure 12(B), the reference building results in a negative
energy savings, which means there is an energy penalty, whereas the PCM-integrated building
provides energy savings of 9%-12% along with load flexibility. The reference building with its
low thermal mass is unable to store the thermal energy and eventually contributes toward thermal
losses, leading to some energy penalties. The PCM-integrated building, on the other hand,
contributes toward TES and results in energy savings along with higher load flexibility.
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Figure 12. Annual (A) load flexibility and (B) energy savings for a PCM-integrated building and

a reference building with the same variable setpoint temperature and heat transfer coefficient.

4.8 Sensitivity Analysis

There are several parameters that collectively affect load flexibility and energy savings potential
of the PCM-integrated building. Although it is practically difficult to change all the parameters, a
sensitivity analysis is necessary to determine the most crucial parameters that have a significant
effect. Table 5 lists all the parameters and shows the factorial change relative to the base value.
Note that while the factorial change in the first four parameters (latent heat, PCM thickness,
setpoint temperature, and heat transfer coefficient) are quantitative, the factorial change in PCM

distribution is taken only for the qualitative assessment.

Table 5. Various parameters and the factorial change used in the sensitivity analysis.

Variable Heat transfer

Factorial Latentheat PCM thickness - o
temperature coefficient PCM distribution

change (kJ/kg) (cm) Setpoint (°C) WINEK)
1 50 0.64 0.5 2.5 EW
2 100 1.27 1.0 5.0 EW+C
3 150 191 1.5 7.5 EW + CF
4 200 2.54 2.0 10.0 EW + CF + IW
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Figure 13 shows the sensitivity analysis, which shows the resultant change in the annual load
flexibility and energy savings versus factorial change in various parameters. As shown in Figure
13(A), variation in setpoint temperature is the strongest parameter affecting load flexibility,
followed by heat transfer coefficient, PCM distribution, PCM thickness, and latent heat. Notably,
operational parameters like setpoint variation and heat transfer coefficients are more important for
load flexibility than PCM parameters like latent heat and thickness. However, as shown in Figure
13(B), PCM parameters like thickness are more important for energy savings. Operational
parameters like heat transfer coefficients are still important because its effect becomes negative

beyond a certain value.
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Figure 13. Sensitivity analysis illustrating relative the effect of various parameters on the annual

(A) load flexibility and (B) energy savings.

4.9 Comparison with the Published Literature

While there are numerous studies related to PCM-integrated building envelope in the published
literature, the current study is unique because it focuses on a future renewable energy scenario.
Additionally, most studies in the past primarily focus the energy savings benefits of the PCM-
integrated building, whereas this paper aims to collectively maximizes both energy saving as well
as load flexibility by optimizing various operational and material parameters. Broadly, it has been
observed by many prior researchers that the optimal thermophysical parameters of the PCM in the
building envelope varies based on the interior and exterior atmospheric conditions as well as the
building type and optimization goal [47]. Therefore, while it is difficult to make the exact
comparison between the current and the prior studies, here we briefly review a few key parameters.
Arici et al. [58] conducted an optimization study on maximum activation of latent heat for PCMs

included at the three different locations in external building walls in Turkey. The study noted that
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the annual energy saving is maximum with 2.0 cm thick PCM placed between the insulation and
exterior plaster in heating season and between the interior plaster and concrete in the cooling
season. Tuncbilek et al. [46], on the other hand, reported that to fully utilize the latent heat storage
capacity of PCM, the PCM layer should be located near the interior. Likewise, Kishore et al. [48]
reported that PCM located near the interior provides the maximum load flexibility benefits because
of the higher interaction between the interior environment and the PCM for controlling its phase
change and thus charging and discharging processes. In this study, we noted the optimal thickness
of the PCM as 2.54 cm (1-inch) placed behind the drywall of the envelope, which agrees with the
findings in the prior studies. Latent heat capacity of PCMs in the building envelope have been
reviewed in the detail by Cai et al [77]. Based on the studies by various researchers such as Kuznik
etal. [78], Xu et al. [79], and Zhang et al. [74], higher latent heat was reported to provide lower
indoor air temperature fluctuations and thus lower HVAC energy use. However, considering the
costs, Kosny et al. [80] suggested that the acceptable PCM price should be between 3.50 and 4.00
$/Ib for the microencapsulated products with enthalpies between 190 and 220 kJ/kg. The optimal
latent heat of 200 kJ/kg noted in this study is thus within the recommended limit. Regarding
variable temperature setpoint, Dreau and Heiselberg studied energy flexibility in the residential
buildings using active preheating during the time of excess energy, where the optimum variable
setpoint value of + 2 °C was suggested to ensure thermal comfort of the occupants. ASHRAE
Standard 55-2010 [76] specifies that the operative temperature should not change by more than
2.2°C during a 1-hour period of operation for ensuring the occupants’ thermal comfort. Using
variable setpoint temperature of + 2°C in this study, we noted that the largest temperature change

within an hour is about 2.7°C, which is slightly higher than the recommended value.
5 Conclusions

This paper presents an investigation to establish the effect of integrating PCMs in building
envelopes on energy saving and demand flexibility under a futuristic energy generation scenario,
where 80% of the energy load comes from renewable energy. While it is well-reported that PCMs
integrated into envelopes provide multifold benefits, the ability of PCMs in a residential building
to continuously respond to the variability of grid electricity and provide load flexibility under a
high renewable energy generation scenario has not been investigated in the literature. This study

bridges the research gap by investigating a practical way to implement, optimize, and quantify the
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TES benefits for PCM-integrated buildings in relation to their energy savings and demand

flexibility capacity.
The key findings of the study are summarized below:

e Energy storage capacity of the PCM-integrated envelope increases with an increase in the
PCM thickness. However, load flexibility saturates beyond 1.91 cm, and energy savings
exhibit diminishing returns with an increase in PCM thickness.

e Energy storage capacity increases with an increase in PCM latent heat. Load flexibility
saturates beyond 200 kJ/kg, and energy savings show diminishing returns with an increase
in latent heat.

e Load flexibility increases linearly with an increase in variability in the temperature setpoint
due to increased utilization of the PCM. However, setpoint variation beyond +2°C should
be avoided to maintain occupants’ thermal comfort. Energy savings peak at setpoint
variation of 1°C.

e Load flexibility as well as energy savings increase with an increase in PCM distribution in
the building envelope, such the exterior and interior walls, ceiling, etc. Adding PCM to the
floor, however, does not provide a major benefit due to the small R-value.

e Heat transfer coefficient between inner surfaces and indoor air plays an important role in
enhancing interaction between PCM and interior. Load flexibility increases almost linearly
with increase in heat transfer coefficient. However, energy savings peak at 5 W/m?-K.

e A sensitivity analysis shows that operational parameters like setpoint variation are most
important for load flexibility, whereas PCM parameters like thickness are crucial for

energy savings.

Overall, we noted that the PCM-integrated envelope is quite effective in providing the desired load
flexibility. Compared against a reference building containing no TES, the optimized case
comprising a 1-in. (2.54 cm) PCM layer having 200 kJ/kg latent heat, included in all living zone
envelopes and with increased convection coefficients of 10 W/m?-K, provides annual load
flexibility up to 33.6% and total annual energy savings up to 10.8% for a residential building
located in Baltimore, USA. One key limitation of the current study is that it is limited to a single
climate. Our future study plans include extending the analysis to other climates and quantifying

their respective PCM benefits. Further, we plan to incorporate a more complex load distribution
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model from grid to residential buildings in place of the linear model used in the current study.
Lastly, this study is limited to a lightweight residential building. A more compressive study needs
to be conducted in future that includes different types of residential, commercial, and industrial
buildings connected the utility grid.
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