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aSchool of Mechanical and Materials Engineering,
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Abstract

A co-simulation environment, consisting of a detailed mathematical
model of a thermal energy storage unit which is incorporated with an En-
ergyPlus simulation model of a full building HVAC system, is described.
The two models are integrated using the user-defined plant component fea-
ture in EnergyPlus and the Building Controls Virtual Test Bed (BCVTB)
environment. The thermal energy storage unit, which consists of encap-
sulated phase change material in a series of flat plates and a heat transfer
working fluid (water), is modelled using a transient one-dimensional for-
ward finite difference method. The thermal storage model is executed
within MATLAB and is verified against experimental data, showing a
discharging heat transfer accuracy to within 2.5%. The building model,
which incorporates a retrofitted ground source heat pump system within
a thermally massive building, is simulated in the EnergyPlus environ-
ment. The co-simulation arrangement allows for in-depth analysis of the
integrated system under dynamic operating conditions, which is currently
not possible within the EnergyPlus environment. Moreover, the overall
adopted approach, based on generic integration of a detailed mathemati-
cal model, using a third party generalised programming environment, into
an established building simulation environment, serves as a successful ex-
emplar for other researchers and practitioners working in the field.

1 Introduction

The incorporation of complex energy conversion system device models within
building energy simulation environments continues to challenge modellers and
practitioners alike (Clarke and Hensen, 2015). To address this problem, many
building energy environments offer libraries of specialised models of commonly
utilised energy conversion system devices within their codes. These models,
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while addressing this issue, vary in detail and availability across different sim-
ulation platforms. A case in point is the well-known EnergyPlus simulation
tool, where the existing phase change material thermal storage module cannot
be used for space heating applications. In addition, the technical sophistication
of this specific module, is not necessarily representative of the more detailed
stand-alone mathematical models present in the literature, nor should it be
expected to be so. Thus, to achieve the level of system analysis required for
detailed investigations, alternative options are required. This problem can be
addressed through the use of co-simulation, which allows detailed mathemati-
cal models of prototype energy conversion systems to be developed using third
party modelling software to be incorporated into established modelling environ-
ments. Such co-simulation can be facilitated by the Building Controls Virtual
Test Bed (BCVTB) and integrated into EnergyPlus through the PlantCompo-
nent:UserDefined feature. This approach provides a seamless platform for more
detailed and rigorous analysis (Wetter, 2011). There has been increasing in-
terest in the use of co-simulation and the current paper addresses a particular
gap by describing a robust methodology that allows the incorporation of be-
spoke mathematical models with established simulation environments, thereby
addressing this need. This has not been described in the literature to date and
thus the integration of such a component into EnergyPlus greatly expands the
potential of any investigations involving phase change material (PCM) thermal
storage unit (TSU) systems.

The current paper describes the application of a first order finite difference
approach to model a hot phase change material thermal storage unit, incorpo-
rating flat capsules and a liquid heat transfer fluid. The model is verified against
experimental data and is integrated with a full building and plant system simu-
lation model. The complete hydronic system model comprises a ground source
heat pump, variable speed circulation pumps, fans and a buffer tank. The pur-
pose of thermal energy storage is to introduce flexibility into electric thermal
building loads by decoupling thermal and electrical demands. As the contribu-
tion of renewable electricity sources to the electricity supply mix increases, less
flexibility is possible on the supply side. To facilitate a greater penetration of
variable renewable electricity sources such as wind and solar power, greater flex-
ibility on the demand side may be required (Finn, O’Connell, and Fitzpatrick,
2013). It is generally accepted that buildings account for up to 40% of energy
consumption in modern economies and of that, space heating and cooling is
typically responsible for over 40% of energy consumption (Prez-Lombard, Or-
tiz, and Pout, 2008). Without energy storage, electrically-driven means of space
heating/cooling must operate when required by the building occupier. The ad-
dition of thermal energy storage allows the decoupling of electrical demand and
thermal load delivery. Within a smart grid framework, electrical thermal load
profiles could be manipulated to better suit the grid balance outlook without
sacrificing thermal comfort.

A significant number of research papers concern detailed models of ther-
mal energy storage units incorporating phase change materials (PCM) (Regin,
Solanki, and Saini, 2008; Dutil, Rousse, Salah, Lassue, and Zalewski, 2011).
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There is a wide array of thermal storage unit (TSU) configurations and mod-
elling methods considered in the literature, including: different PCMs, encap-
sulation type, heat transfer fluid (HTF), scale and end use. While there is not
a standard method for modelling PCM TSUs, typically, finite difference meth-
ods are employed. No definitive list of assumptions is present in the literature,
though the assumptions made in Schumann (1929) are often found in recent
research articles.

A model for thermal energy storage using PCM encapsulated in flat plates
was developed in Liu, Saman, and Bruno (2011). The model of a salt-based
PCM was based on a phase change processor by Halawa, Saman, and Bruno
(2010) and was validated using experimental work, showing reasonable accuracy.
Isotheraml phase change was assumed in this TSU and a liquid HTF was used
in this work. Halawa, Bruno, and Saman (2005) used an implicit enthalpy
formulation method, presented by Voller (1990), to describe two dimensional
heat transfer (air as HTF) in a TSU consisting of flat plates. Validation of this
model is shown in Saman, Bruno, and Halawa (2005), which describes the use
of a PCM TSU for a solar heating system. Model results were compared with
modelled and experimental results from Vakilaltojjar (2000) and Saman and
Bruno (2002). Zukowski (2007b) constructed a model of a PCM (paraffin) TSU
consisting of flat plates for use in a ventilation duct. The mathematical model
approximated the apparent specific heat of the PCM using an interpolating
cubic spline function. The fully implicit three dimensional scheme is compared
against data from Zukowski (2007a), showing a good representation is achieved.
Bédécarrats, Strub, Falcon, and Dumas (1996) defined the thermal resistance
between the PCM and the HTF as the sum of the HTF convection resistance,
the conduction resistance of the shell and the conduction resistance of the solid
layer of PCM. Benmansour, Hamdan, and Bengeuddach (2006) modelled, in
two dimensions, the transient response of a cylindrical packed bed with paraffin
PCM encapsulated in spheres with air as the working fluid. The energy equation
was solved by an alternating direction implicit scheme. The plant consisted of
a blower, and electrical heaters followed by the TSU.

The detailed models introduced thus far are stand-alone mathematical mod-
els of storage units; they are not integrated with broader building system simu-
lation models. These studies inform on the performance of a TSU in response to
fixed inlet conditions. Elsayed (2007) showed that for a single capsule, an oscil-
lating HTF temperature resulted in the same net heat storage over the charging
period as a fixed temperature. Insights obtained from these stand-alone studies
provide TSU performance indications, but do not represent the behaviour of a
PCM TSU within a complete HVAC system.

The management of thermal energy storage inventories is explored in a num-
ber of studies from a whole system perspective. Henze, Krarti, and Brandemuehl
(1997) modelled an ice storage unit as a heat exchanger (ice-on-coil). The sys-
tem considered included pumps, fans, air handling unit, air-to-water chiller and
an ice harvester. Four strategies are compared to the base-case of no stor-
age, with cost-savings made in most instances with a tiered pricing structure.
Henze, Felsmann, and Knabe (2004) investigated cost optimal control using
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both active and passive storage (owing to building thermal mass) inventories
using TRNSYS. The system model included chillers whose COP changed with
ambient air temperature; the cool TES was modelled as an idealised thermal
battery. With a rate structure of 3:1 (on-peak to off-peak), savings of up to
44.3% were achieved using cost minimal control used, but slightly more energy
than the reference case. Zhou, Krarti, and Henze (2005) showed that predictive
optimal control can perform well under an array of conditions. A parametric
study on chiller size, building thermal mass, chiller size, pricing structure and
economiser operation was performed. In all test cases, monetary savings were
made; free cooling was achieved by circulating low temperature outside air as
part of the precooling process. Using air-based systems for cooling applications,
these studies show that cost savings can be made through load shifting using
PCM storage methods under a time of use electricity price structure. Simplified
thermal storage unit (TSU) models (idealised thermal batteries) are utilised in
these investigations, limiting their insights into whole system performance.

The shortcomings in the literature cited above are evident in that there
has not been a detailed full system analysis of a phase change material ther-
mal energy storage system. The key contribution of the present model is the
ability to operate under changing inlet conditions as part of a full system sim-
ulation. This has not been demonstrated in the literature previously, perhaps
due to the difficulties involved in modelling each plant component in detail.
The developed TSU component must also be sufficiently flexible. In addition
to the development of a robust PCM TSU model providing functionality not
previously demonstrated in the literature, a new method of cross-application
simulation is utilised. The use of BCVTB for the simulation of a PCM TSU in
one (suitable) environment, operating seamlessly in conjunction with a system
modelled in a dedicated HVAC system application has not been demonstrated
before. This presents the advantages of rapid prototyping of individual com-
ponents while not compromising other aspects of the system simulation. There
exists the possibility of a more modular approach to the simulation of bespoke
components.

There is no defined “industry standard” for modelling PCM TSUs. The
purpose of publishing mathematical models should not be an end in itself, but
should be capable of acting as a platform for further research. One of the de-
ficiencies of the literature published to-date is the difficulty in replication. All
details of the current model are presented in this paper, allowing researchers to
replicate this component in their work. In addition to detailing both PCM and
HTF heat transfer and phase change processes, the mechanics of operating this
model in a cross-platform environment is described. Thus, this paper presents
a comprehensive method and modelling technique for users to analyse and in-
corporate phase change material thermal storage units into their work. The
availability of this research will encourage more rapid development of testing
and analysis of such systems rather than wasting time repeating similar work.

The aim of the current research paper is to bridge the gap between the
stand-alone detailed models and simplified system models by the development
of a finite difference model that integrates seamlessly with a comprehensive in-
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tegrated building system model; this has not been demonstrated previously in
the literature The incorporation of a detailed TSU model into a whole HVAC
system model allows insights available only from such a comprehensive com-
ponent representation to be analysed in the context of the entire system. The
performance of the entire GSHP and TSU system can be examined with more
clarity using this integrated approach. The influence of GSHP setpoints and
flow rates, as well as building load can be seen on the system operation, in
addition to constraints imposed by time and system capacity issues. Instead of
an idealised thermal battery, the ability of the system to meet thermal comfort
owing to physical constraints can only be assessed using a complete system such
as that presented. The performance and electricity costs associated with oper-
ating this system in a manner acceptable to users is now achievable through
this comprehensive model. The PCM TSU described in this paper developed
in Matlab and is integrated with the EnergyPlus simulation package (Crawley,
Lawrie, Winkelmann, Buhl, Huang, Pedersen, Strand, Liesen, Fisher, Witte,
and Glazer, 2001) through co-simulation using the Building Controls Virtual
Test Bed. This EnergyPlus environment (Jones, 2015) includes models for the
building envelope and heating plant, consisting of a ground source heat pump
(GSHP), ground heat exchanger, pumps, fans and buffer tank, as well as the
decoupled internal hydronic loops.

2 PCM Modelling

2.1 PCM unit

The phase change material thermal storage unit modelled has a design latent
thermal storage capacity of 100 kWh. A salt hydrate is utilised as the phase
change material, with a melting point of 46 ◦C, encapsulated in flat plates. The
choice of phase change temperature is critical to system performance. Too low
a melting temperature may limit system ability to meet building loads, while a
temperature that is too high will negatively impact GSHP performance. The
tank volume is 2 m3 with a water volume content of 40%. The mathematical
model is developed based on design specifications. The tank consists of 18
parallel slabs running the length of the tank as shown in Figure 1. Each slab is
comprised of smaller rectangular containers, fixed together to form a continuous
sheet. The tank is 3.5 m long along the x axis (in the direction of fluid flow),
and the y and z dimensions are of equal length (0.75 m), forming a cuboid. The
gap between the slabs is 0.01 m and the capsule height is 0.03 m. The PCM
properties are detailed in Table 1.

2.2 Mathematical model – PCM thermal storage unit

The present model employs a first order explicit finite difference method. The
tank is broken down into contiguous control volumes or nodes (Jones and Finn,
2013). In each of these control volumes, properties are considered to be constant
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Figure 1: Layout of the PCM tank

Melting temperature 46 ◦C
Latent heat of fusion 190 x 103 J · kg−1

Specific heat capacity 2.41 x 103 J · kg−1 ·K−1

Thermal conductivity 0.45 W ·m−1 ·K−1

Table 1: PCM Properties

over the course of a single timestep. Assumptions taken in the development of
this model are similar to those in previous models (such as Regin, Solanki, and
Saini (2009); Elsayed (2007); D’Avignon and Kummert (2012)), many of which
were introduced in Schumann (1929). These include:

• Heat transfer is one dimensional, in the axial direction only.

• There is no heat loss to the surroundings.

• No heat is absorbed by the encapsulation material.

• All PCM properties (specific heat, density, etc.) are constant over the
course of a timestep.

• There is no supercooling or superheating of the PCM.

• Phase change occurs at a fixed temperature of 46 ◦C.

Heat transfer between the heat transfer fluid (HTF) and the phase change
material is calculated via a generalised resistance network (Equation 1). Heat
transfer is driven by a temperature difference between the HTF and PCM (Equa-
tion 2); the temperature of the PCM is assumed to be equal to the tempera-
ture of the encapsulation material. Zivkovic and Fujii (2001) stated that phase
change for most salt hydrates is isothermal and developed a model on that ba-
sis. The assumption of isothermal phase change is also taken in studies such as
Halawa et al. (2010); Liu et al. (2011).

Rtotal = Rconv +Rcond1 +Rcond2 (1)

Qnode =
(THTF − TPCM ) · ∆t

Rtotal
(2)
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where Rcond,1 refers to the conduction resistance of the capsule material,
Rcond,2 relates to the conduction resistance (W·m-1·K-1) due the presence charged
PCM within the node and Rconv is the convective resistance term that describes
heat transfer from the HTF to the outside surface of the capsule shell. Q is the
heat transfer for a given timestep in a given node; THTF and TPCM are the tem-
peratures of the heat transfer fluid and phase change material, respectively and
∆t is the timestep duration (s). For each timestep, the convection and charged
PCM resistance values are calculated, as PCM resistance changes with state of
charge and convection resistance changes with mass flow rate. The capsule wall
conduction resistance remains constant and is calculated by Equation 3.

Rcond1
=

lwall

kcapsuleAnode
(3)

where A is the surface area of the node (m2), k is the thermal conductivity
of the capsule material and lwall is the wall thickness (m). The fluid flow in
the channels between the PCM slabs is assumed to be laminar at all points
throughout the tank and for all timesteps, as the Reynolds number is low (<500).
The Nusselt number correlation (used for laminar water flow in a channel) is
presented in Equation 4 (Shah and London, 1978). This Nusselt Number is used
to calculate the convection resistance by Equation 5.

Nux,T =

{
1.233(x∗)−1/3 + 0.4, if x∗ ≤ 0.001,

7.541 + 6.874(103x∗)−245x∗ , if x∗ > 0.001.
(4)

where x∗ = (
x

Dh
)/Re · Pr, Re is the Reynolds Number, Pr is the Prandtl

number, x is the distance from the channel inlet and Dh is hydraulic diameter.

Rconv = Dh/(Anode ·Nu · kwater) (5)

2.2.1 Resistance of charged PCM

In this model, the resistance due the presence of charged PCM is given by
Equation 6.

Rcond,2 =
lPCM,charged

kPCM ·Anode
(6)

where lPCM,charged is the thickness (m) of the layer of charged (liquid) PCM
and LPCM is the latent heat of fusion of the PCM (J·kg-1). The thickness of
the charged PCM layer changes as latent charging or discharging occurs. This
resistance term is assumed to be zero when the model is fully discharged and
at its maximum when the node is fully charged. When charging, the resistance
term increases because of a greater thickness of charged PCM (Equation 7),
reducing the rate of heat transfer to the uncharged PCM. Discharging reduces
the effect of this term, as the thickness of the charged layer decreases. At all
times, all PCM within the node is assumed to be at the same temperature,
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thus, sensible discharge only occurs when the PCM is completely discharged. A
schematic diagram of the charging process is shown in Figure 2

∆lPCM,charged =
Q

LPCM · ρPCM ·Anode
(7)

Figure 2: Schema of latent process within a capsule

2.2.2 PCM heat transfer

Heat transfer in this model is governed by the conservation of energy between
the HTF and PCM. This heat transfer to the PCM is characterised as sensible
charging, latent charging, sensible discharging or latent discharging, depending
on the water temperature, PCM temperature and PCM state of charge within
a given node. Charging mode is defined as any time that the heat transfer
to the PCM is positive, i.e., when the HTF temperature is greater than the
PCM temperature. Sensible charging results in a change in PCM temperature,
Equation 8, while latent charging results in a change of liquid fraction, Equation
9.

∆TPCM = Q/(cp,PCM ·MPCM,node) (8)

∆XPCM = Q/(LPCM ·MPCM,node) (9)

where LPCM is the latent heat of fusion of the PCM and ∆X is the change
in the state of charge (0 - 1) and MPCM,node is the mass of PCM in a node. The
PCM temperature and state of charge are calculated as per Table 2.2.2, which
shows the decisions for charging mode (i.e., THTF > TPCM ). The heat transfer
can have three effects on the PCM. If the PCM is below its melting temperature,
heat addition increases the PCM temperature; in this case, the heat storage is
sensible. If the temperature of the PCM equals its melting temperature, latent
heat storage occurs; the majority of the heat transfer is latent. In this case,
the PCM temperature remains the same, but the liquid fraction changes. Once
the PCM in this node is fully charged, the PCM temperature increases with
positive heat transfer. In the model, in any node, only latent or sensible heat
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storage occurs within a given timestep. Because the PCM is encapsulated, it
stays in the same node from one timestep (i) to the next. Equations shown in
Table 2.2.2 refer to changes within a single node.

TPCM < Tmelt
T i+1
PCM = T i

PCM +
Qi

cp, PCM,solid ·MPCM,node

Xi+1 = Xi

TPCM = Tmelt
T i+1
PCM = T i

PCM

Xi+1 = Xi +
Qi

LPCM ·MPCM,node

TPCM > Tmelt
T i+1
PCM = T i

PCM +
Qi

cp, PCM,liquid ·MPCM,node

Xi+1 = Xi

Within a timestep, change in heat transfer fluid temperature is calculated
as in Equation 10, where i indicates the timestep, n is the node and Mwater,node

is the mass of water in the given node. This is expanded upon in Section 2.2.3

∆T i
n,HTF = Qi

n/(cp,water ·Mwater,node) (10)

2.2.3 Timestep

In a standalone model, the timestep could be set to one second and the node
length taken to be the distance travelled by the HTF in one second, i.e., velocity.
This arrangement is convenient as the entirety of the fluid in a node moved to
the next node over the course of one timestep. If the HTF enters the node at
a higher temperature than the PCM, HTF loses energy over the timestep and
leaves the node at a lower temperature, passing to the next node for the next
timestep. This water temperature propagation is shown in Equation 11 where
i refers to timestep and n to node.

T i+1
n+1 = T i

n − Qi
n

cp,water · ṁwater,node · ∆t
(11)

Considering this process as a 2D matrix, with timestep on the y axis and
position on the x axis, this new HTF temperature is moved down and right by
one place each timestep: advancing through the tank over time. The progression
of the HTF fluid temperature is outlined in Figure 3. In this way, the time
taken for the HTF to pass through the tank is also accurate, i.e., an increase
in inlet temperature does not manifest itself in an immediately higher outlet
temperature; the time taken for fluid to pass through the tank is the length of
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the tank divided by the fluid velocity. This is based on the assumption that
there is no heat transfer in the direction of fluid flow.

Figure 3: Simple HTF temperature propagation

Use of this HTF propagation system works for standalone systems with a
fixed timestep and flow rate; the effect of a different flow rate can be assessed
in separate simulations. The problem arises with this methodology when the
component is connected to a system simulation where the water mass flow rate
may not be constant, as is the case with the current work. A change in mass
flow rate over the course of a simulation run would result in a change in node
length, or to keep the node length fixed, the timestep would need to be variable.
Equation 11 with its 2D matrix structure, is therefore, adapted. EnergyPlus
uses a fixed timestep, thus, a variable timestep is not suitable in this case.

Heat propagation is considered rather than fluid flow. Instead of the fluid
front moving by x metres, fluid entry to a node is treated as a heat source. Thus,
HTF entering a node with a higher temperature than the water in the node is
treated as a heat gain (QHTF, in). Equation 12 describes this process, in which
water propagation heat transfer is dependent on the temperature difference
between water present in the node at the beginning of the timestep (T i

HTF n) and

water from the previous node at the end of the previous timestep (T i′′−1
HTF, n−1).

Qi
HTF,in, n = (T i′′−1

HTF, n−1 − T i
HTF n) · ṁHTF · cpwater

· ∆t (12)

T i′

HTF n = T i
HTF n +

Qi
HTF,in, n

cpwater ·Mwater,node
(13)

Qi
n =

(T i′

HTF n − T i
PCM, n) · ∆t

Rtotal
(14)

T i′′

HTF n = T i′

HTF n +
Qi

n

cpwater
·Mwater,node

(15)

T i+1
HTF n = T i′′

HTF n (16)

Equations 12 and 13 describe the HTF heat propagation through contiguous
nodes. This heat transfer takes place before the main simulation begins in each
node. T i′

n is the intermediate temperature of the HTF in node n after the heat
transfer from water propagation has been included, but before heat transfer
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with the PCM. T i′

n is the HTF temperature used in calculating the heat transfer
to the PCM in the node for that timestep in Equation 14. Equation 15 shows
the calculation of the node water temperature after heat transfer to the PCM,
which remains in the node (T i′′

n ). The water used at the beginning of the next
timestep in node n is equal to T i′′

n : the temperature in node n at the end of the
current timestep (Equation 16). A requirement is that the distance travelled by
the water in the timestep must not be greater than the node length. This can
be achieved by a compromise between the node length and the timestep. The
accuracy of the time taken for temperature changes to propagate through the
tank is compromised, as node length exceeds HTF velocity times timestep.

The progression of HTF through the thermal storage unit is an essential part
when considering a model integrated with a full system. Many isolated math-
ematical models do not address temperature change propagation in the HTF;
the present method allows for this model to be used in a dynamic environment,
handling varying flow rates without issue.

2.2.4 Pressure drop

A thermal storage unit represents an additional system component on the hy-
dronic loop with an associated pressure drop, which must be overcome by the
circulation pump. According to CIBSE (2007), pressure drop for fluid flow in a
duct is given by Equation 17:

∆p = f
l

2Dh
ρ · v2 (17)

where v is velocity (m·s-1) andf is the friction factor. For laminar flow, f
is Re/64 (CIBSE, 2007). In the calculation of the pressure, drop, the tank is
treated as a number of stacked parallel ducts, in the current case, 18 in total.
(OR 19!!) The pressure drop across the tank, which changes with flow rate does
not play a significant role in the overall system pressure drop, because of low
water velocities in the tank. A mass flow rate of 2.7kg·s-1 (TSU water velocity
of 0.02 m·s-1) results in a pressure drop across the tank of less than 1% of the
primary pump operating pressure drop. With a mass flow rate on the Primary
loop, pressure drop is approximately 6 m.

2.3 Building Controls Virtual Test Bed

There are two ice storage modules inbuilt in EnergyPlus; these modules are sim-
plified and they can only be used for cold storage applications. The EnergyPlus
user defined component facility was not suitable for running this PCM TSU
model as it cannot store matrices and has limited looping functionality. Ener-
gyPlus was chosen as it is widely used in building energy simulation research
and is a well-supported application. The advantage of the proposed approach is
that the robust EnergyPlus environment is used for simulation of the building
fabric and HVAC system while Matlab, a more flexible piece of software, is used
for simulation of the newly-developed TSU model. In this way, the respective
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advantages of each simulation tool are harnessed. The present method involves
the use of the PlantComponent:UserDefined, but the model is not programmed
in the EMS (EnergyPlus Energy Management System). The PCM TSU model
is instead executed in Matlab (The Mathworks Inc., 2011) and integrated into
EnergyPlus through the Building Controls Virtual Test (BCVTB). The Build-
ing Controls Virtual Test Bed (BCVTB) is a middleware environment (Wetter
and Haves, 2008; LBL, 2012), enabling communication between simulation pro-
grammes. The BCVTB communicates with EnergyPlus via the EMS. As the
construction of user-defined components in EnergyPlus is based on internal vari-
ables and actuators, the BCVTB can be used to directly replace user-defined
components.

The TSU component model in EnergyPlus is set up as a user-defined com-
ponent, connected to the appropriate EnergyPlus plant nodes. This dummy
component serves to take the TSU inlet water temperature and flow rate using
internal variables. The outlet temperature and water flow rate values written
to the actuators in the EMS plant component are irrelevant, as these values
are overwritten by the Matlab TSU model through the External Interface and
BCVTB. The Matlab model requires the inlet water temperature and flow rate
at each timestep, supplied by the dummy EMS component. The TSU outputs
of interest to the rest of the plant simulation are the HTF flow rate and tem-
perature. These are output for each timestep by the Matlab TSU model and
entered to EnergyPlus via actuators that overwrite the values supplied by the
EMS model.

At each timestep, the BCVTB calls EnergyPlus and Matlab. The run time
for both simulators must equal that specified in the BCVTB (Ptolemy II) inter-
face. As the run period of EnergyPlus is a minimum of one full day, the Matlab
model should also run for the same period. Importantly for all three programs
communicating, the timestep must be the same. In the EnergyPlus ExternalIn-
terface objects, an initial value can be specified, which is passed to Matlab on
the first timestep. Thereafter, all data transfer between the two programs are
simulation outputs.

2.3.1 BCVTB timestep

The BCVTB requires that all simulation actors use the same timestep. Timestep
chosen must strike a balance between being short enough to capture accurately
the ongoing changes, but not excessively short such that the computation time
becomes needlessly onerous. EnergyPlus has a minimum timestep of one minute,
therefore, the minimum timestep specified in Matlab is also one minute. The
Matlab TSU model uses a timestep in the order of seconds. The problem is
overcome by using two timesteps in the Matlab programme: one for execution
of the TSU model and one to report to the BCVTB. For each BCVTB timestep,
Matlab reports the outlet fluid temperature and mass flow rate. The inward
facing timestep of the Matlab model (the substep) is three seconds. With a
substep of 3 seconds, the Matlab model runs twenty times for each BCVTB call,
storing these data and reporting the necessary outputs every minute. The values
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that are sent to EnergyPlus are TSU outlet temperature, overall state of charge
and average rate of heat transfer in the tank for that timestep. In a standalone
TSU model, the flow rates and temperatures can be defined at the start of the
program. In this case, the physical parameters do not change with changing
input values, but the inlet temperature and flow rate are variable. Reynolds
number and Prandtl number are computed every timestep. The operation of
the PCM TSU model as part of the EnergyPlus simulation is illustrated in
Figure 4.

2.4 PCM TSU verification

The current model is compared against experimental data from the literature.
Similar indirect verification is present in the literature (Elsayed, 2007; Bechiri
and Mansouri, 2013). To perform this verification, the model had to be adapted
to fit the parameters of those detailed in the tests performed in the relevant
publication. The data used for verification is from a study by Liu et al. (2011);
Liu (2010). This study was chosen because it makes use of stacked flat plates to
encapsulate the PCM and it uses a liquid heat transfer fluid (glycol in the case
of the Liu study). One major difference between the two tanks is their latent
capacity: 100 kWh (360 MJ) at for the present tank compared to 6.25 kWh (22.5
MJ) for the work of Liu. The other difference is the end use: cooling versus
heating. Fundamentally, the method used in this model renders those differences
unimportant. Heat transfer is driven by a finite temperature difference and it
is assumed that there are no heat losses, as the tank used in the study by Liu
is assumed to adiabatic.

Because of the design of the present model, physical parameters could be
changed, while maintaining the core simulation engine. The thermophysical
attributes of the HTF and PCM from the study by Liu were substituted into
the developed model and the direction of heat flow is dealt with by the model
without alteration. The tank studied by Liu consists of 19 parallel flat slabs, 1.7
m x 0.26 m x 0.025 m with a 0.006 m gap between these plates. These physical
attributes were changed, as were the properties of the HTF from water to an
ethylene glycol solution. The properties of the modelled PCM were also changed
to match their density, phase change temperature and latent heat of fusion. An
entrance and exit region of length 0.5 m (77.4 x 10 m-3) was added at each end
of the PCM capsules for HTF distribution (a similar addition was made in the
work of D’Avignon and Kummert (2012)). These are modelled as well-mixed
bodies of water.

Two sets of experimental data are available from Liu: the inlet and outlet
temperatures from two discharge tests. Figure 5 compares the predicted tank
outlet temperatures from present model against experimental data for two tests:
flow rates of 0.22 l ·s−1 and 0.32 l ·s−1. These figures also illustrate the error in
◦C between the outlet temperature from the current model and the experimental
results. As can be seen from Figure 5, the model performs well in both tests.
Errors are greatest at the beginning of the cycle, with a maximum error of
0.5 ◦C for 0.22 l·s-1 (RMS error 0.255 ◦C) and 0.56 ◦C for 0.32 l·s-1 (RMS error
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Figure 4: Flow chart of TSU model operation
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(a) 0.22 l · s−1 (b) 0.32 l · s−1

Figure 5: TSU inlet and outlet temperatures, modelled and experimental

0.243 ◦C). Thus, for the purposes of the current work, from the perspective of
full system simulation, the results of this verification are considered acceptable.
The purpose of the current model is to represent a realistic performance of a
PCM TSU within a simulation environment. The model performs best during
latent heat transfer and after charging is complete. The discrepancies at the
beginning of the process can possibly be attributed to a greater thermal inertia
in the experimental setup (tank wall, support structures).

Figure 6 compares the heat transfer rate across the tank from the model with
the experimental results from Liu et al. (2011) for the 0.22 l·s-1 and 0.32 l·s-1 flow
rate tests, respectively. The significant dip in the simulated heat transfer rate in
the 0.32 l·s-1 is as a result of the rapid increase in outlet temperature predicted
by the model, potentially owing to insufficient thermal inertia in the modelled
circulating fluid and tank construction. Figure 7 compares the cumulative heat
transfer, summed every 30 minutes for the experimental and modelled cases of
0.22 l·s-1 and 0.32 l·s-1. The difference between the predicted and experimental
heat transfer (total) across the thermal storage unit is within 1% for the 0.22
l·s-1 test and 2.5% for the 0.32 l·s-1 test. These figures show cumulative heat
transfer to be in excess of the given thermal storage capacity (6.25 kWh). 6.25
kWh is the latent heat capacity of the PCM within the TSU. The total capacity
is increased due to the sensible heat capacity of the PCM and HTF in the tank,
as there is a large temperature difference between the starting and finishing
HTF and PCM temperatures (seen in Figure 5).

2.5 Results

2.5.1 TSU sensitivity analysis

The purpose of developing this mathematical TSU model is to allow full system
analysis of a GSHP and PCM TSU. This verified model can be used to inves-
tigate the performance of such systems under different operating conditions,
facilitating improved system design and operation. In this section, a sensitiv-
ity study is performed on the developed TSU model, showing the effect of two
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(a) 0.22 l · s−1 (b) 0.32 l · s−1

Figure 6: Instantaneous heat transfer rate across tank, modelled and experimental

(a) 0.22 l · s−1 (b) 0.32 l · s−1

Figure 7: Cumulative heat transfer across tank, modelled and experimental
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important factors: inlet HTF temperature and mass flow rate. In addition to
identifying key trends in TSU behaviour, this study ensures reliable model be-
haviour within a specific range. The temperature of the heat transfer fluid along
the length of the tank, taken at intervals over the course of the charging period
is shown in Figure 8, while the state of charge is shown in Figure 9. It can be
seen that the nodes towards the entrance of the tank are charged first, with a
decreasing state of charge to the exit. The HTF temperatures reflect this, as
after four hours, with the front part of the tank fully charged, there is little heat
transfer in the entry region, thus, the HTF temperature remains at the inlet
temperature well inside the tank.

The sensitivity study shown in Figures 10 and 11 show the results that rate
of charge increases with greater mass flow rate and inlet temperature. Charging
time is significantly dependent on the rate of heat transfer, hence by the water
mass flow rate and temperature. The peaks at the beginning of Figure 11 are
as a result of the significant difference between the initial tank temperature and
the inlet water temperature.

Figure 8: HTF temperature along tank for different times (2.0 kg · s−1, 51 ◦C
inlet temperature)

Figure 9: State of charge along tank for different times (2.0 kg · s−1, 51 ◦C inlet
temperature)
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Figure 10: Rate of heat transfer during charging for different water mass flow
rates, (51 ◦C inlet temperature)

Figure 11: Rate of heat transfer during charging for different water inlet tem-
peratures, (2.0 kg·s-1 water mass flow rate)

3 Integrated System Model

3.1 Demonstration site

The demonstration site is a retrofit GSHP system, consisting of three hydronic
loops: one external, and two decoupled internal loops, each driven by a variable
speed circulation pump. The working fluid in all loops is water. The external
circuit contains a closed loop vertical ground heat exchanger and the ground
side of the heat pump. The GSHP has a heating capacity of 70.4 kW with a
EER of 5.65. The primary internal loop includes the building side of the GSHP,
the TSU as well as a 1,000 litre buffer tank. The primary and secondary loops
are joined by a decoupling tank. This allows the same working fluid to be used,
yet operate different mass flow rates on the two internal loops. The secondary
loop supplies water to the 33 fan coil units for space heating of the twenty
conditioned rooms. Modelled also using EnergyPlus is the building structure;
the conditioned space is located on the third storey of a municipal building in
Coimbra, Portugal, and covers a total of 586 m2. A schematic diagram of the
plant is shown in Figure 12.
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Figure 12: Schema of HVAC plant

3.2 Integrated System Results

The TSU forms part of the full system described in Section 3.1, which is repre-
sented in full in EnergyPlus. This section demonstrates the use of the TSU to
reduce electrical demand during the occupied 7 am - 7 pm period. The GSHP
charges the TSU by supplying hot water above the melting temperature of the
PCM, beginning at 00:00, ceasing when the tank is fully charged. The GSHP
return water setpoint temperature is 51 ◦C, with a bandwidth of ± 1 ◦C and
water mass flow rate of 2 kg·s-1. Discharging begins at 07:00 by circulating water
through the system, heating the building zones while bypassing the GSHP.

3.2.1 Charging cycle

Shown in Figure 13 are the state of charge, GSHP power consumption, GSHP
outlet temperature TSU inlet and outlet water temperatures. The GSHP inlet
temperature equals that of the TSU outlet temperature. At the beginning of
the simulation period, the tank is completely discharged. As the water temper-
ature entering the TSU increases, the state of charge increases also. The GSHP
power consumption increases steadily with return (condenser) water tempera-
ture. The GSHP reaches the upper bound of its operating temperature (51 +
1 ◦C) and cycles off at approximately 02.15. The rate of increase of the TSU
state of charge decreases at this point as the temperature of the HTF entering
the TSU decreases. The GSHP cycles on again, once the GSHP return water
temperature drops below the lower control temperature and there is heat addi-
tion to the system begins again. This second charging on-cycle is with a single
compressor, instead of two compressors as occurred during the initial charg-
ing phase, resulting in a lower rate of TSU charging and a lower GSHP power
consumption.

3.2.2 Discharging cycle

Once the heating of building thermal zones begins at 07.00, the GSHP setpoint
temperature reduces to 35 ◦C and remains off while the TSU meets the system
load. The TSU state of charge decreases, as system load is met by the TSU.
Once the TSU is fully depleted, the GSHP cycles on to meet system load,
bypassing the TSU, operating with the 35 ◦C setpoint temperature. As the TSU
is bypassed, there is no temperature difference across the tank; temperatures
follow those of the heat pump return water temperature.
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Figure 13: Operation of the TSU within the whole system environment

3.2.3 Multi-day operation

Shown in Figure 14 are the state of charge, GSHP power consumption, ambient
air and average room temperatures. For each of the three days show, the tank is
fully charged and then discharged. For each of the days, a similar pattern is seen,
with the GSHP utilising the dual compressors during the charging phase and
operating with a single compressor during the daytime. Loads on the building
are such that the room average room temperatures are kept at 22 ◦C. The GSHP
and TSU temperatures are shown in Figure 15. A broadly similar pattern is
evident between the three simulated days. There are differences seen, however,
between the three days, because of the different loads on the building on each
of the days. The ambient temperature did not drop as low on day 2 as on the
other days; as a result, the minimum TSU outlet temperature is highest on this
day. Longer TSU on-cycles are seen on day 3, evident in both GSHP power
consumption and temperature profiles.

Figure 14: 3 day cycle of TSU state of charge, GSHP power and air temperatures
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Figure 15: TSU and GSHP demand side temperatures

4 Discussion and Conclusions

A detailed model of a phase change material thermal storage unit for heating
applications has been developed in Matlab. The model uses a forward finite
difference scheme and executes in under 15 seconds for a ten hour simulation
(full charge and discharge). The model takes account of the effect of charged
PCM conductive resistance, capsule wall conduction resistance as well as the
convective resistance between the flowing HTF (water) and the capsule wall.
The model can be scaled to make use of different geometries and thermophysical
attributes. The model has been verified against two data sets from the literature,
showing a good comparison with the experimental results. Total TSU heat
storage agreed within 2.5% and RMS error of outlet temperature was less than
0.25 ◦C in both cases.

The model has been integrated with EnergyPlus. The existing simplified
phase change material thermal storage module in EnergyPlus cannot be used for
heating applications. In addition, the level of detail is not representative of the
stand-alone models present in the literature. Thus, to achieve the level of system
analysis pursued in this project, a new approach had to be taken. Through
use of co-simulation, the current model of a PCM TSU has been integrated
with EnergyPlus. This has not been performed in the literature to date and
thus the integration of such a component into EnergyPlus greatly expands the
potential of any investigations involving PCM TSU systems. The co-simulation
method detailed in this paper allows fast prototyping of complex components
into EnergyPlus, using the PlantComponent:UserDefined and BCVTB. This
research is also of interest to those outside of the thermal storage field, as the
method can be applied to other components, such as heat pumps and cooling
towers. There is an inherent advantage in that a programming environment,
such as Matlab, can be used to model components, allowing for testing and
debugging prior to integration with EnergyPlus.

The primary aim of this research was to develop an accurate model of a phase
change material thermal storage unit and investigate the impact of implementing
this advanced HVAC component into a full HVAC system model. A somewhat
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idealised phase change solution is used in this TSU model for consistency in
operation within a full HVAC system environment. The work presented can
be added to with the possibility for different components and models to be
tested in this manner. One such development could be to focus on a phase
change mathematical model that operates well within this real-time framework.
hysteresis and non-isothermal phase change present challenges in developing a
solution suitable for a fully-integrated PCM TSU component. Working from
this study, such developments can now be investigated more readily.

Finally, the operation of the PCM TSU was investigated, showing the devel-
opment of the state of charge and heat transfer fluid temperatures within the
TSU. There is a clear bias to faster charging at the front of the tank. As these
nodes become charged and the thermal resistance due to the charged material
increases, the rate of heat transfer falls off. The rate of heat transfer is greatly
dependent on the inlet temperature and flow rate. A greater temperature dif-
ference increases heat transfer rate, while the increased water mass flow rate
decreases the convective resistance term and also for each timestep, more hot
water enters the tank: thus, a lower temperature difference may be seen across
the tank, but the overall heat transfer rate is increased. The model performs
well within the entire system environment. The TSU integrates well with the
EnergyPlus system, developed in Jones (2015), making studies involving the hot
PCM TSU possible at a level of detail not previously seen in the literature. The
integrated model presented in this paper represents a step forward in terms of
whole system simulation and performance assessment of phase change material
thermal storage units.
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Nomenclature

Acronyms

BCVTB Building Controls Virtual Test Bed

GSHP ground source heat pump

HTF heat transfer fluid

PCM phase change material

TSU thermal storage unit

Symbols

A area (m2)
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cp specific heat capacity (kJ · kg−1 ·K−1)

D diameter (m)

k thermal conductivity (W ·m−1 ·K−1)

l length (m)

M mass (kg)

Nu Nusselt number

Pr Prandtl number

Q heat transfer (J)

Q̇ heat transfer rate (W )

R thermal resistance (m2 ·K ·W−1)

T temperature (K )

v velocity (m · s−1)

x distance (m)

X liquid fraction

Subscripts

h hydraulic

conv convective

cond conductive

n node

Superscripts

i timestep

Greek symbols

∆l change in thickness of charged PCM (m)

∆p pressure drop (Pa)

∆t timestep duration (s)

∆T temperature difference ( ◦C)

∆z change in pressure head (m)

ρ density (kg ·m−3)
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