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ARTICLE INFO ABSTRACT

Keywords: As a result of increasing environmental and economic concerns, the demand for more efficient energetic systems
Radiant systems has augmented, leading to a greater focus on investigating new solutions. The latest developments in the inte-
PCM

gration of radiant systems in buildings have shown promising results, being a feasible and more efficient tech-
nology. In this regard, an analysis of the current state of the radiant system’s development is performed, focusing
on several studies made in recent years. The aim of this article is to outline the current state of the numerical
modelling of radiant systems, with a greater focus on the modelling of PCM in radiant systems, which hasn’t been
thoroughly done in the literature up until this moment. Its objective is to present researchers the necessary in-
formation about the function of PCM radiant systems, as well as to provide insight into the most used methods for
numerical model development and their theoretical mathematical fundamentals, regarding its thermal behav-
iour. The accuracy and effectiveness of various numerical modelling methods are assessed and compared. Several
experimental and numerical studies available in the literature are presented. A discussion between the various
pros and cons of the most relevant studies is carried out, and possible solutions are suggested for future work.

Numerical Modelling methods
Numerical model Simulations
Review Paper

1. Introduction

Over recent years, concerns have been raised about the effects of
increasing energy consumption. As mentioned by the IEA, International
Energy Agency, housing is one of the most energy-demanding activities,
being responsible for more than 30 % of the world’s energy consumption
[1]. Academic and scientific researchers around the world have gath-
ered their resources to develop new technologies and solutions in the
hope of reducing this energy consumption [2,3]. The majority of the
energy use of housing is used in climatization, as well as in the cooling
and heating of indoor spaces. To reduce this energy consumption, a
great diversity of methods was explored, including the coupling of
HVAC (heat, ventilation and air conditioning) systems with renewable
sources, and increasing the efficiency of equipment’s by downsizing or
the application of new and better materials. It is in this scope that phase
change materials (PCM) have proven to have potential. Recently, com-
panies and researchers have been making efforts to utilize these mate-
rials. Their integration in the various elements of building’s facades and
HVAC systems, such as radiant systems have been studied and demon-
strated to have improved the building’s thermal efficiency and proven to
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be a valid alternative [4-14].

In this review, the authors aim at reviewing and discussing articles
presented in the literature, providing researchers the necessary re-
sources to understand the theoretical basis of the numerical modelling of
PCM radiant systems. The present review provides resources on the
formulation of the methods used in the numerical modelling of PCM
radiant systems. Furthermore, this article complements the presentation
of the theoretical basis with its possible applications, through the
analysis of numerical and experimental studies available in the litera-
ture. It is expected that this article will assist future researchers in
accessing the best methods to model their study case.

The following subsections of the introduction provide context and
insight to the composition of radiant systems, numerical modelling and
already developed reviews on this subject, which provide further justi-
fication for the pertinence of the development of this work. The authors
start with an in-depth state of the art on the different types of radiant
systems, how they work, and the importance of the numerical model-
ling. In addition, other relevant review articles on the various topics are
identified. This section is followed by a thorough description of the
mathematical formulations required to model classic radiant systems, as
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well as methods to model more complex systems with PCM. Once the
models are presented and discussed, their characteristics are compared.
Multiple recent studies, making use of the previously presented nu-
merical simulation methods, are then presented and discussed. Finally, a
future direction of technology and a conclusion section provides a
summary of the present review, as well as stating main findings and
suggestions for further research.

1.1. Radiant systems description

Radiant systems in buildings are systems that aim to regulate the
indoor conditions of the building and preserve thermal comfort. Radiant
systems can be incorporated in most of the facade of a building, in walls,
floors, or ceilings [8,15-23]. There are three types of radiant systems in
the industry [24,25], hydronic systems, electrical systems, and ther-
moelectric systems, but the most used are the first two.

Hydronic radiant systems are composed of tubing system, fluid
pumps, and fluid heaters/coolers [7,19]. In these systems, when used for
heating purposes, heated circulating fluid (water in most cases) flows
through the piping system and radiates heat to the room, which is at a
lower temperature than the fluid. In case of cooling, the energy flows
from the room (which is at a higher temperature than the circulating
fluid) to the piping system, which will conduct the circulating fluid to a
chiller to cool the fluid. Michal Krajcik et al. [26] studied a wide gamut
of thorough information regarding water-based wall systems. Topics
such as the classification of existing systems, benefits, and drawbacks of
each, and design recommendations are discussed. Furthermore, the
authors discuss the research opportunity by incorporating these systems
with PCM and the chance of its implementation in building retrofit.

Electric radiant systems are used only for heating, but instead of
using a heated circulating fluid, the temperature is increased through
the Joule effect when electrical current is flowing through several re-
sistors in the radiant system [27,28]. In thermoelectric systems an
electrical current is formed between 2 materials, which generates a
temperature differential, creating a “cool side” and a “hot side” [29,30].
Depending on which side is in contact with the exterior of the building
and the interior of the room, these systems can be used for both cooling
and heating. These three types of radiant systems can be further com-
plemented with other systems, such as photovoltaic panels and heat
pumps to create a high-energy efficient system [8,31,32].

Furthermore, PCM can be incorporated in radiant systems to provide
increased energy efficiency. PCM are materials which have a high latent
heat capacity that can be used to store large quantities of energy.
Therefore, these materials have the capacity to collect what would be
wasted or unnecessary energy used by the system, and release it
whenever needed, reducing peak temperatures, temperature fluctua-
tions and saving energy [33,34]. The benefits and intricacies of PCM
integration in radiant systems can be comprehensively studied in Mor-
eira et al.[35]. Further works, such as Michal Krajéik and Ondrej Sikula
[36] carried out studies in this field, developing innovative indicators of
thermal response and output of radiant systems that greatly benefit the
scientific community by providing tools to comprehensively analyse
data.

1.2. Numerical modelling

To develop radiant systems, experimental trials must be developed to
gather the required data from the thermal system. Generally, the
experimental setup regarding radiant systems requires large spaces and
a lot of material. If the system has PCM embedded, whether through the
usage of PCM macrocapsules in the system [10,11,37] or PCM micro-
capsules mixed in mortar/cement [12,31], the macrocapsules must be
prototyped [38] and the cement/mortar mixtures must be specially
developed and tested. Developing these experimental trials has a high
cost, both in time and money [39].

Numerical models allow researchers to explore different variations of
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a base scenario, allowing the assessment of the consequences of vari-
ables changes in the system without much effort and no additional
experimental investment [37,40,41]. Thus, numerical modelling is of
extreme importance as it allows researchers to solve complex problems
with ease. Predicting the behaviour of PCMduring the phase change
period is still a challenge. This challenge results from the nonlinear
nature of the moving interface separating the liquid and solid phases, as
well as the varying thermodynamic properties of both phases [42-45].
To try to solve these complex problems, the sharp interface model or
Stefan model assumed the solid phase and the liquid phase to be sepa-
rated by an infinitely thin surface, called sharp interface. This model is
the basis of the outgoing models to develop numerical models. When
performing one-dimensional (1D) or two-dimensional (2D) models with
a fixed melting temperature, the analytical solution can be derived.
However, when more complex shapes are used and a PCM melting
temperature range is considered, the sharp interface model becomes
difficult to implement, requiring the help of computer-based calcula-
tions [45,46].

Although there is a necessity for developing accurate numerical
models, it is usually linked to an increase in model complexity. This
comes at an increased computational cost. Researchers need to find
compromises to obtain usable results and to do it as quickly as possible
[47,48]. This led to the development of numerous methods for solving
the numerical models, such as the enthalpy method and the heat ca-
pacity method [49-54]. Moreover, it is important not only to have ac-
curate but also valid ones. A numerical model is validated by comparing
its results to those of an experimental trial and verifying if the numerical
model accurately describes reality.

Regarding the software used to perform numerical modelling, there
is plenty of commercially available software. According to Hassan and
Abdelaziz [54], the most used software up until 2020 are the ANSYS®
Fluent, TRNSYS®, EnergyPlus™ and COMSOL Multiphysics®. However,
in scientific research, there are several alternatives used to develop
numerical models and methods to simulate thermal systems.

1.3. Previous reviews and stat-of-art

Many reviews were developed in this field, which mention and
explore the numerical modelling aspect of hydronic radiant systems and
PCM. These reviews are necessary to outline the current state of the
subject, summarise data, and provide relevant conclusions to guide
authors on the most adequate modelling methods for their work, as well
as to arouse new problems and areas which require more research.

Hassan et al. [54] developed an overall review on the simulation,
control, and integration of hydronic radiant cooling systems. Regarding
the numerical modelling of the systems, the authors present the most
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Fig. 1. Classification of radiant cooling system models [54].
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common forms of classifying the developed models, which are presented
in Fig. 1. The authors grouped the modelling techniques into 4 cate-
gories, i) computational models of indoor air, ii) computational models
of radiant slabs or panels, iii) simplified analytical or numerical models
of the conditioned space and radiative terminals, and iv) regression data-
driven models. This review gave insight into the need for more transient-
state computational models and the lack of discussion in the literature
on exergy analysis.

In another article, Kim et al. [55] reviewed modelling approaches for
passive ceiling cooling systems. The modelling techniques were grouped
into 3 groups, i) passive ceiling cooler models, ii) indoor environment
models, and iii) integrated models as shown in Fig. 2), where simplified
models, detailed models, empirical models, and black box methods, such
as transfer functions, were explored.

Romani et al. [56] reviewed thoroughly the simulation and control of
thermally activated building systems (TABS), taking into consideration
systems for both cooling and heating. The TABS simulation techniques
are enlisted and described as numerical models (including finite
element/difference/volume method analysis — FEM, FDM, and FVM),
analytical models, semi-analytical models, resistor—capacitor (R-C)
models, transfer-function models, and identification models. From this
review, it was ensured that detailed numerical models such as the FEM,
FDM, and FVM give the most accurate results and are often used for
model verification. Despite this, many simplified models are used in
integrated building simulation packages and control strategies, pre-
senting good levels of accuracy whilst lowering the computational cost
of the simulations. Furthermore, the usage of a transient state is required
for accurate studies of the dynamic behaviour of TABS.

Garcia and Cabeza [57] present a review of numerical models for
PCM packed bed systems. After giving a brief description of all the
mentioned models, the authors elaborated on the methods, classified as
single-phase models, Schumann’s model, concentric dispersion model,
continuous solid phase model, and empirical models. The authors pro-
vide comparisons between the usage of several of the beforementioned
models. With the development of this review, the authors concluded that
the single-phase models are computationally inexpensive but are only
viable when the system has a heat transfer fluid and particles with high
thermal capacity or when the particles are very small. Schumann’s
model is the simplest, as it removes thermal gradients from the equation
by considering infinite thermal conductivity. Both the concentric
dispersion and solid phase models require high computational effort.
However, the solid phase model was one of the few available in the
literature that could discretize the packed bed system.

In a review by Ghasemi et al. [58], PCM fundamentals, categories,
fabrication, numerical models, and applications were discussed.

Integrated
Model

Indoor Environment
Model

Fig. 2. Numerical model domains [55].
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Regarding the numerical models, four were disclosed, i) the porous
medium method, ii) the enthalpy method, iii) the enthalpy-porosity
method, and iv) apparent and effective heat capacity. It was
concluded that there are multiple numerical models for PCM and that
they should be chosen depending on the specific purpose. Apparent heat
capacity and enthalpy-porous are the most implemented methods in
COMSOL and ANSYS that solve latent heat problems by using an
equivalent heat capacity and simulate the solid/liquid interface. Also,
despite a large number of studies on PCM, limited work was done on
encapsulated PCM (EPCM) by considering both the shell and core in-
teractions. Despite existing available reviews of PCM radiant systems,
the information they explore related to numerical modelling methods is
not very deeply discussed or is very specific to a determined application.
Furthermore, there is no scientific work solely on the numerical
modelling of PCM radiant systems, as this information is spread across
multiple reviews by different authors in a more summarized manner.
This review aims at providing an insightful review that aggregates both
topics, providing an extensive work with great added value to re-
searchers in understanding the whole subject of numerical modelling of
PCM radiant systems. This review separates the numerical modelling
strategies of generic radiant systems from the modelling of PCM, to give
importance and comprehensively explore PCM modelling.

2. Mathematical formulations and numerical models
2.1. Conventional radiant systems

As previously mentioned in the introduction, radiant systems
contribute to the improvement of the thermal comfort of buildings. With
conventional radiant systems, the authors refer to radiant systems which
are not complemented with PCM solutions. Multiple studies
[46,47,50-56] have focused on developing these types of systems,
recurring to numerical modelling as a way to predict the thermal
behaviour of the system and comparing multiple scenarios to assess
energetic gains. This chapter discloses the methods utilized for the nu-
merical model development of radiant systems.

2.1.1. Computational numerical models

Here, finite element and finite volume methods are used to examine
the flow and thermal distribution inside a given space, through the usage
of CFD (computational fluid dynamics) tools. Elements such as air in-
lets/outlets, radiative terminals, doors, windows, furniture, and human
bodies are considered mass or thermal boundaries. Instead of solving the
temperature in the radiant slabs or panels, those surfaces are repre-
sented by surface-specific mean temperatures, and conservation equa-
tions of mass, momentum and energy are solved in parallel with a
radiation model of the space, typically discrete ordinate, or surface to
surface models. The solar radiation can be solved using ray-tracing
methods or defined as heat flux. These simulations are usually per-
formed in a steady state due to computational cost.

Z. Cheng and S. Cheng [66] developed a numerical model of a
radiant cooling floor of a large waiting hall room (Fig. 3). The radiation
heat exchange between the radiant floor and the interior ambient tem-
perature was described as:

0 =ay (1i-T) &)

where o}, is the black sphere radiation constant, T, is the absolute tem-
perature of the radiant floor surface and Ty is the absolute wall tem-
perature. The indoor cooling load (Q;) and the humidity cooling load (D)
are described by equations (2) and (3) respectively:

0, = G(hn _hs)> (2

D =G(d,—d,), 3
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Fig. 3. Diagram of the waiting hall [66].

where G is the mass flow of fresh air (kg/s), h; is the enthalpy of supply
air (kJ/kg), hy, is the enthalpy of indoor design state point (kJ/kg), d; the
humidity ratio of supply air (kgwater/kgair) and, d,, the humidity ratio of
indoor air (kgwater/Kgair)-

This category includes numerical models such as finite difference
(FDM), volume (FVM), or element (FEM), which are used to examine
temperature distributions in radiant bodies, to determine condensation
risk or cooling capacities. The volume of indoor air is represented as a
boundary condition on the surface of the slab/panel. Usually, steady
state is used to characterize the performance of the slab/panel for spe-
cific mean temperatures of water and surface. The neglect of the end
losses of the panel, variations in water temperature, and fluid properties
are often considered to simplify the body geometry. The reduction of the
model to 2D is often considered.

Dong et al. [65] developed a CFD simulation study on heat transfer of
chilled water flow in a capillary ceiling radiant cooling panel system
(Fig. 4), using the finite volume method.

Six influence variables were studied, among them, the chilled water
inlet parameters, the structural parameters of the gypsum plaster and
the capillary mats. The models assumed that (i) heat transfer to the semi-
circular tube extremities was inexistent; (ii) the side walls and top of the
panel were considered to be adiabatic; (iii) the thickness of the capillary
pipes and their respective thermal contact resistance were negligible;
(iv) the fluid properties of the chilled water were considered to be
constant. The author describes the governing equations as follows:

gypsum plaster

2 pu) =0, @

where X is the coordinate axis in the direction i, ; is the velocity in the
direction i and p is the inlet water density,

0 ) = PP 0 (P ©
ax; ") = ox, T Hox \ox, T ox, )
where y is the kinetic viscosity of the inlet water and P is the pressure,

dpaiT) A 0 (oT
()Xi _Cp BX. OX, ’

©

where 1 is the thermal conductivity, T is for temperature, and ¢, is the
specific heat capacity of the plaster layer, with the subscript s referring
to the medium water or plaster layer. Under the condition of heat
transfer of plaster layer, u; is set to 0. Lastly, the g represents the total
sensible heat flux of the radiant panel and is given by equation (7):

7= (9. +q) )

with g. (W/m?) being the convective term of the heat flux, and g, the
radiant heat flux. Here, the subscript b stands for the bottom of the
capillary radiant panel. Heat will be exchanged both by thermal con-
vection and radiation between the ceiling surface and the indoor
environment.

lnsuhh
\

caplllary tube .]

/

Rpsum pln}

Fig. 4. Radiant cooling panel of the capillary ceiling [65].
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2.1.2. Analytical and semi-analytical models

Analytical models are models that are based on exact solutions of
differential equations regarding heat transfer. The complexity of these
equations limits the use cases of these models, which require assump-
tions to accurately describe the heat transfer process. Thus, analytical
models are limited to 1D or simple 2D steady-state conditions. When
developed, analytical models require low computational efforts, and
thus are easily implemented in building environment simulation, being
used in control purposes as well.

To overcome the limitations in geometries and conditions of the pure
analytical models, some authors proposed correlations between
different analytical solutions, developing more complex solutions such
as TABS heat transfer. These models are referred to as semi-analytic
models.

In a study, Tye-Gingras and Gosselin [64] aimed to determine the
optimal modelling technique for heat transfer calculations of low ther-
mal mass hydronic radiant cooling and heating panels that were
composed of a serpentine lube layout. The authors concluded that the
2D FVM model could reproduce any tube pattern but was uselessly
heavy. It had a very slow convergence because it relied on analytical
solutions for its iterations. The authors stated that analytical models are
fast and accurate but were not very versatile, as they required the heat
transfer coefficient, the fin efficiency, and the tube spacing to be con-
stant. In comparison, the semi-analytical model was fast to converge,
accurate, and more versatile, as it allowed the calculation of the fluid
temperature profile with nonconstant parameters, thus being potentially
good when paired with CFD simulation programs for detailed convec-
tion and radiation calculations.

2.1.3. Resistor-Capacitor models (R-C)

These models usually are zero-dimensional (0D) or (1D), meant to be
used in transient simulation tools to assess the dynamics of the thermal
systems through a generic/typical cooling or heating day or throughout
an entire season. The most popular method is the resistor-capacitor
model (R-C) (Fig. 5) suggested by Ren and Wright [63], which proceeds
to calculate the heat flux (qi2— W/m?) correlating the resistance of a
material (R;2-Q) with the temperature at both extremes of the material
(61,02- °C), given by equation (8):

02 - 01
= ) ®
q2 Ry

Bueno et al. [62] developed an R-C model for the analysis of in-
teractions between urban climate and energy performance of buildings.
The R-C model was assessed against advanced computational simulation
tools that are well-evaluated and accepted. The authors stated that,
because of its simplicity and reduced computational cost, the R-C model
allowed for better comprehension of the physics involved in the prob-
lem, as well as making it possible to evaluate modeling hypotheses and
the sensitivity of different parameters with greater ease. The authors
concluded that the R-C model was able to be used both as a research and
didactic tool [62].

Tai Ri Ro

v

TOO

»

Fig. 5. Resistor-Capacitor model example [63].
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In a study developed by Weber and Johanneson [61], the authors
compared FEM, FDM, and the Boundary element method (BEM), to the
R-C model approach, and stated that although they provided very ac-
curate solutions, they were time consuming and often caused instability
problems. Thus, it is of major interest to find simplified models that have
limited complexity but still manage to be sufficiently accurate, as is the
case with the R-C network [61].

Liu et al [60] developed a study in which a star-type R-C network
was modeled to simulate the dynamic thermal performance of a concrete
cooling slab. Heat transfer through the slab is defined as heat transfer
from chilled fluid to the core layer and heat transfer from the core layer
to slab surfaces. In the star R-C-network the central node is treated as the
core layer. The results demonstrated that the R-C model was in good
agreement with a finite element method (FEM) in representing the dy-
namic and steady cooling performance.

2.1.4. Regression data driven and identification models

These types of models are usually developed as part of predictive and
adaptive control strategies. They can be used to predict the cooling loads
of different zones of the building for determining a control strategy that
manages to lower the power consumption whilst keeping the indoor
environment within the comfort temperature range. With the advance-
ments in database technologies, collecting data has become easier,
allowing these methods to be more easily implemented. Compared to
traditional first principle-based modelling methods, data-based models
are more flexible and can be utilized in more complicated processes
[59].

Identification models recur to statistical methods to obtain a model
from a set of data. These models need to have previous measurements of
the involved building, however, once developed these models are very
easy to apply. Identification models are usually related to Model Pre-
dictive Control (MPC) [56].

2.2. Phase change materials

In recent years, the increase in popularity of thermal energy storage
(TES) in buildings has attracted attention due to its numerous advan-
tages, such as reducing temperature fluctuations and increasing the
thermal efficiency of buildings [3,69]. TES is defined as the process of
storing cold and heat for different applications [68,69]. The use of TES
techniques in buildings is often the basis for thermally activated build-
ing systems (TABS), systems that are thoroughly reviewed in [56]. PCM
have been shown to have a great potential to increase energy efficiency
in buildings due to their potential to accumulate energy, resulting from
their high latent heat when changing phase [70]. This phase change is
what creates the complexity of its numerical models [71]. The most
common methods for resolving these problems are the enthalpy method
and the heat capacity method [19,72].

The governing equations for numerical models have three pillars of
construction, often referred to as governing equations. Most methods for
solving the melting problem have evolved from their initial formulation
by Stefan [73]. The following equations are used to describe the melting
problem:

oT, T,
e ©
o, _ o7 (10)
o o2’
aS(6)  A0T, hoT, an

o  plLoz pLo

where 4 is the thermal conductivity (W/m-K), T is the temperature (K), L
is the latent heat diffusion (J), a is the thermal diffusivity (mz/s), p the
material’s density, t time,z the spatial coordinate and S the position of
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the interface. Alternatively, Lin et al. [74] provide a variant governing
equation for the enthalpy method:

oH 0T

’ o ox? a2

where p (kg/ms), H (kJ) and 1 are the density of the material, the
enthalpy, and the thermal conductivity, respectively.

The subscripts refer to the solid and liquid phases of the material, s
and 1 respectively. At the interface, both the temperature of the liquid
phase and the solid phase are equal to the melting temperature of the
material:

T, = T) = Tpaatz = S(t). (13)

Saleel and Ahamed [75] studied the melting and heat transfer
characteristics of paraffins using the enthalpy-porosity mode. In
modelling the study. Both conduction and convection in the PCM were
acknowledged. The PCM was assumed to be incompressible and a
Newtonian fluid inside its enclosure. Furthermore, variations in the
paraffin’s density, thermal conductivity and viscosity were considered
to vary linearly with temperature. As one of the paraffins was a mixture
of paraffin and SiC nanoparticles, it was assumed that both substances
were in thermal equilibrium and had the same flow velocity. This
resulted in the following governing equations:

Continuity

P v =0 a4

Momentum

ApV
("T)+V(pv) = —Vp+uViVipg+S (15)

Energy

O(pE;)

5t V(pE,) = K,V°T (16)

Xion et al. [76] presents the various components of the absorbed and
released heat of a PCM. The sensible energy of a material, Q;, is stored in
the system through differences in temperature (AT), and depends on the
mass (m) and the material’s specific heat capacity (C,) (J/kg.K):

0, =mC, AT. a7

Latent energy Q; (J) is the absorbed or released energy necessary for
a material to change from phase A to phase B, which takes place at the
phase change temperature of each material (T}) and it is dependent on
the enthalpy H; (kJ/kg) of each material’s phase

0, = mAH,. (18)

For two given temperatures, T; < Tpc and Tz > T, the total stored
energy (Q) of a PCM when increasing its temperature from T; to Ty,
including a phase change, is given can be given by:

Tpe T,

0= mC,sAT +mAH, +

T, Tpe

mC, AT, (19)

with C,s (J/kg.K) being the specific heat of the material in the solid
phase and C,; (J/kg.K)being the specific heat of the material in the
liquid state. As latent heat can be 5 to 14 times higher than its sensible
heat counterpart [77], phase change materials have proven to be of
special interest in the incorporation in buildings [18,78]. The method
used by this author is known as the enthalpy method. There are more
methods for calculating the latent energy gathered or released by a PCM,
such as the apparent and effective heat capacity method, the porous
medium method, and the enthalpy-porosity approach. These models are
used to describe the thermal behaviour of the mushy zone of the PCM,
where during the phase change, liquid surrounds solid volumes of the
material.
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2.2.1. Enthalpy method

The enthalpy method is one of the methods to numerically model
problems known as the “Stefan problem”, where there are phase
changes, made up by the solid phase, liquid phase and their interface
[71,79,80]. Multiple authors have recurred to this method to develop
their numerical models.

Muriel et al. [79] developed a numerical study in ANSYS utilizing this
method to model two computational fluid dynamics models of an air-
thermal energy storage unit. Although the study obtained an almost
horizontal curve phase change curve, appropriate for pure PCM, most
commercial PCM are compounds, hence the non-linearity during the
phase change. Du et al. [81] used the enthalpy method to simulate the
influence of PCM that detained different thermo-physical parameters in
the indoor thermal temperature of solar greenhouses in China. Zhang
et al. [50] recurred the enthalpy method and the effective heat capacity
method, which is discussed previously, and compared the results from
the simulations regarding three impact-factors. The enthalpy method
proved to be more accurate with narrower temperature ranges.

If the enthalpy is the dependent variable, the problem construction
equations from Stefan ((9),(10) and (11)) can be replaced by:
oH ko'T @

* " par +;» (20)

where H is the enthalpy (J) and @ (J.m%/kg.s)the body heating term. The
previous equation is valid throughout all domains (liquid, solid, and
interface) and can be solved by any method (implicit or explicit). The
temperature term of the equation is then replaced by the Heaviside
function, dependent on the enthalpy, of the form

T=F(H), (21)
where:
L
G,
F(H) ={ Tne,0OSH<L. (22)
(H — L),H >L
CP

Being C, the specific heat. Rewriting the previous equation, it is
obtained
oH kIFH) @

* +; 23)

If the problem is solved recurring the other governing equation
proposed by Zhang et al. [50] (Equation (12)), the enthalpy is calculated
by the following equation:

T, T <Tp, — €
L
H= c,,(s(Tfe)+2—e[T7(Tm—e)],Tm—ngng—O—e 24
Cps(T—€)+L+cp)[T— (T +€)],Tia <Tm +¢€

where ¢, and c,; represent the specific heat of the PCM in solid and
liquid states, ¢ is the phase change radius, representing half the length of
the phase change temperature range and T, is the mean temperature of
the phase change transition temperature and L is the latent heat during
the phase change. Having this, the lower temperature limit of the phase
change is given by T, —¢ and the upper limit of the phase change gamut
is Ty, + &-. When the temperature T < T, —¢, the PCM is in the solid
phase and the specific heat is equal to ¢, ;. Opposingly, when T > + —¢,
then the specific heat is equal to c,;. When the temperature was inside
the phase change range, T, —¢ < T < Ty, + ¢, the value of the equivalent
specific heat was ¢pcqu = %.

Typically, the numerical techniques used to solve equations are
explicit or implicit. The method of lines, combined with the enthalpy
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method is a more effective mathematical technique which presents itself
as being more stable and easier to implement and solve boundary
problems [71].

2.2.2. Heat capacity method/Neumann solution

Another typical method for solving phase change problems is the
heat capacity method. Lu et al. [19] developed a numerical model of a
casing PCM radiant floor heating system where he recurred to this
method to formulate and solve the simulation.

The initial formulation of the phase change process correlates the
transient term, convection term, diffusion term, and source term,
respectively, as shown in the follow equation:

pCp(;—f +pCyV.VT = div(AVT) + Sr, (25)
where p is the density, C, is the heat capacity, T is temperature, V the
velocity, A the thermal conductivity. If the material is completely solid or
completely liquid, there are no density variations. However, during the
phase change process the material’s properties changes. The Rayleigh
number (R,) is calculated to determine whether conduction or convec-
tion plays the major role in the thermodynamic process. If its value is
lower than 1708, the buoyant force is lower than the resistance imposed
by the viscous force heat conduction exclusively occurs [82]. The liquid
fraction, q, is given by:

0, T <Ts
T-T,
= T, <T<Ty. 26
a T,—T, 1 (26)
1,T'<T

where T is the temperature of the PCM, with [ and s representing the
state of the material, it being liquid or solid, respectively. This value
changes between 0 and 1 — when the material is fully liquid is one and
zero when the PCM is completely solid. With this, the effective density
(pr) and effective thermal conductivity (Ag) changes linearly in
accordance with the liquid fraction, and can be calculated by the
equations (27) and (28), as presented in Lu et al. [19]:

Pur = 0py + (1 —a)p;, 27)
and
/1eﬂ' = a/h + (1 - a)j.y (28)

From this point, the effective specific heat capacity is calculated by
equation (29), where T; and T, are the initial and final temperatures of
the phase change process, respectively, L the latent heat and AT is half
the phase change temperature range (equation (30)):

Cos, T <T
Cos:Cp) L
Cesrp = M T, <T<Ty (29)
e 2 Toaaphi=tsh
Cot, T>T,
1
AT:E(Tszl)‘ (30)

Using the previous equations, a simplified equation can be
developed:

oT .
peffceff‘pg +pCerp V.VT = div (leffVT) + S, 31D

or even further simplified, in case of ignored convective heat, as in Lu et
al [19], given by:

oT .
peffceff‘pg = div (leﬂVT) +St. (32)
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The heat capacity method presents itself as being a relatively easy
method to implement and managed to provide accurate results [19].

2.2.3. Porous medium method

For this method, a continuous medium for PCM particles is assumed,
as well as the usage of a heat transfer fluid and a coupled heat transfer
formula for PCM. According to [58], several assumptions must be made,
as follows:

- Thermophysical properties of PCMs and heat transfer fluid are in-
dependent of temperature variations, except for heat capacity

- There is no heat generation and radiation within the domain

- No chemical reactions occur between the materials

- Plug flow for fluid flow through the voids

- Radial dispersion is negligible

- 1D energy conversion model with negligible temperature variations
within PCM

Therefore, the derived energy equations are given by

Jor JoT d JoT
e(pC)y, [§+ Va} =% [khta} +UA(Tp — Tw), (33)
Jor o aT
(1-e)pC), 5 = {kpa} +UA(Tw —Ty), 34)

where A, ¢, U, and V are superficial particle area per bed, porosity,
overall heat transfer coefficient, and mean velocity, respectively. Their
correspondent physical units were not available in the original litera-
ture. Different correlations for PCM heat capacity, related to the tem-
perature variations, must be introduced to incorporate the latent heat
effect along the phase change. The governing equations for this method
can be solved by FDM with fidelity. The major downside of this method
is that it neglects the temperature variation within PCM. This causes
considerable deviation from experimental results as PCM usually have
low thermal conductivities, resulting in a temperature gradient.

2.2.4. Enthalpy-Porosity method

The enthalpy-porosity approach is a common way to develop a nu-
merical model of a PCM [75,86-88]. It is a single domain model in
which the melting front is not explicitly calculated. Alternately, a scalar
liquid fraction is associated with each computational node in the
domain, while the semi-solid porous regions called “mushy zone” are
created at the solid/liquid interface as a function of the liquid fraction
value. The method greatly depends on two modelling parameters, them
being the mushy zone constant and the phase change temperature in-
terval (AT = Tiiguia —Tsotia)- While the first parameter influence has
been studied quite extensively for different PCM types, its connection
with the phase transition temperature gamut is currently less noticeable.
Recurring to this method, the total energy of a material (h) is the sum of
its latent enthalpy (h;) with the sensible enthalpy (h;):

h =hs+h,. (35)

Having this, the latent heat, AH,, varies from 0, when the PCM is in
the solid state to L (which depends on the properties of the material)
when the PCM is in the liquid state. In the interval between solid and
liquid state, the latent heat depends on the liquid fraction of the PCM, a,
which is calculated by equation (26) Therefore:

AH, = aL, (36)

and the sensible enthalpy of the material, given by
T
h = hee + / cpdT, 37

where hy is the enthalpy of reference and c, the specific heat at a
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constant pressure. From this, the energy equation can be written as
equation (38):

a(pv)

——24+V(pV) = —Vp+uV?V+pg+S, (38)

where k is the thermal conductivity, p the density and the enthalpy H =

h+AHand V the fluid’s velocity. The source term S accommodates the
porosity of the PCM. As the material changes from solid to liquid, it
becomes porous, originating the called mushy zone. To describe the
porosity of the material, a porosity function is used, which was defined
by Brent et al [85]. This porosity function, f, is dependent on the liquid
fraction and is given by:

M,(1 —a)

2+ ’ (39)

Bla) =
where M, is the mushy zine constant (10,000) and o is a constant of
value (0.001) to prevent the denominator from being zero. The porosity
function must be equal to zero when the material is in liquid phase to
allow free motion of the particles. Opposingly, there must be a sub-
stantial value when in the solid phase to impose the velocity to be close
to zero. The previously mentioned source term S is dependent on the
porosity function f(a) as is defined as:

S = B(a) (v - ?,,), (40)

being Vp the solid velocity due to the constant pulling of the solidified
material out of domain.

3. Computational models’ layouts and systems

There is an increasing number of researchers that have been devel-
oping studies in PCM radiant systems, where multiple numerical tools
are created and developed. This section presents practical use cases of
numerical modelling in PCM radiant floor affairs, disclosing insightful
information, such as the utilized methods, grid properties, attained ac-
curacies, and other properties of the developed models.

Xu et al. [12] presented an innovative three phase zone heat transfer
model. The phase change zones were referred to as the liquid zone,
mushy zone, and solid phase region. The authors recurred to the
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momentum and energy equation for describing the liquid zone (Equa-
tion (15)). As for the mushy zone, the enthalpy method was used to
characterize the nonlinear phase change in porosity. Lastly, the conti-
nuity equation and momentum equation were based on the modified
Brinkmann-Forchheimer-Darcy flow model [86]. As for the modelling
tool, COMSOL® was chosen to perform FVM simulation. In the cali-
bration of the numerical model, grids with multiple node counts were
tested and compared. 3050, 6388, and 12,778 nodes were used and
insignificant differences of only 0.05 K were attained, so the opted node
number was the one that required less computing power (3050). Several
timesteps of 5, 10 and 20 were used, being the 10 s interval the one with
the best results. Furthermore, an analysis and evaluation of the error
between the experimental and numerical results were performed and an
error of less than 5 % was achieved. The numerical simulation results are
shown in Fig. 6.

In Plytaria et al. [31], the authors opted to use the TRNSYS® software
to model the experimental layout (Fig. 8). The TRNSYS® Type 1270,
which is a material type that describes the behaviour of a PCM wall from
the TRNSYS® library, was selected to represent the PCM. To achieve the
most adequate timestep, a sensitivity analysis was performed. This
analysis resulted in the usage of a timestep of 5 min. The final temper-
ature was calculated resourcing to the equation (41). Experimental data
from a previous study [87] was used to validate the numerical model.

(0+4)

mPCM-Cp

Tfina] = Tini[ial + (41)

In another study by Gallardo and Berardi [11], a method for calcu-
lating the necessary cooling requirements from a radiant ceiling (Fig. 9)
is developed, based on [88] with the aim of dimensioning radiant
cooling systems. Surface cooling load is a concept that represents the
heat that is to be removed from the convective and radiant components,
the surface being the area of the ceiling where the radiant system is
integrated (equation (42)).

Gt = Qe 4 et T q i T q o T q SWint? (42)

where q”su,f is the heat transferred through convection between the
radiant surface and the room air (W/mz); q”lwm ,f is the net heat trans-

ferred to the radiant surface by longwave radiation flux from other
surfaces in the room (W/m2); ¢y, is the heat transferred onto the
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Fig. 6. Behaviour of the heat storage PCM layer in both heating and cooling stages [12].
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Fig. 8. Microencapsulated PCM experimental system layout a) PCM over the
pipes and b) PCM under the pipes [31].

radiant surface by longwave infrared thermal radiation that emanated
from internal gains such as lights, electric equipment, and people; q”swml
is the heat transferred by solar radiation onto the radiant surface; and
is the heat transferred to the radiant surface by shortwave radia-

9 swin
tion that emanates from electric lighting equipment. The author refers
that the conventional sizing of HVAC systems is usually based on peak
instantaneous cooling loads during summer, quickly responding to
control signals, thus not suitable to size PCM incorporated systems due
to their response latency, derived from their high thermal capacitance.
Having this, the author [88] proposes the usage of whole year simula-
tions with the sums of hourly values from each 24 h day’s total surface
cooling loads, resembling methods such as in ISO 11855-4 [89].

The chosen simulation software was EnergyPlus™ v.9.4 to perform
the dynamic simulations. The authors opted to use the fully implicit
scheme because of its robustness and unconditional stability over time.
Simultaneously with this algorithm, an enthalpy-temperature function
was used, having in mind the phase change energy. Numerical model
validation was done recurring to RMSE. Having the models validated, in
order to optimize the system, a parametric design was developed. The
models were calibrated with a deviation of £0.78 °C for the piping
location of the PCM panel and +0.47 °C for the bottom of the same
panel, being +1.5 °C the maximum, according to the German Standard
VDI 6020 [90]. Having the models calibrated, the author proceeded to
simulate multiple case scenarios, changing the PCM type, the PCM
thickness, the water temperature, and the tube length. The results
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showed that variables such as operation hours, water temperature, and
especially the PCM thickness affect the effective storage capacity of the
system. The information is presented by plotting graphs with the
effective storage capacity of the PCM. The best scenario was with the
lowest PCM thickness, pipe length, and operating hours. Then, the au-
thors presented the percentage of occupancy time in an uncomfortable
temperature (where the Predicted Mean Value (PMV) values are outside
the range between —0.5 < PMV less than 0.5).

Gonzalez and Prieto [40] used ANSYS® Fluent to develop a numer-
ical model of a PCM radiant system. For the solid domains, the equation
(43) was used:

%(/}i) =V e (kVT). (43)

The authors opted for the enthalpy method to obtain the heat
transfer rate in PCM, considering natural convection. The continuity and
energy equations are solved. The liquid fraction was calculated, and the
results are shown in Fig. 10. Due to the reduced porosity in the mushy
zone, the momentum equation is considered. To solve the conservation
equations, second-order implicit transient formulations were used. The
SIMPLE algorithm with the PRESTO scheme was used for the pressur-
e-velocity coupling. Tests were made to the grid refinement in both PCM
and non-PCM scenarios. Multiple grid sizes were tested (with 3647,
8196 and 15,356 elements) which presented negligible deviations (from
0.057 to 0.058). The solution became independent from the grid when
the timestep of 0.5 s and a mesh size of 8196 elements was used, thus the
authors carried on with these values. For A, the reference value of
10° was used. For the permanent regime, the Turkish Standards Institute
(TSI) model was used, as recommended by ASHRAE [91], despite its
disregard for heterogeneities and nonlinear thermal diffusivity. The
resistance of the PCM radiant floor was determined recurring to the
parallel resistance calculation, using the mean conductivity value of the
concrete layer and the macrocapsule.

Larwa et al. [37], developed and tested a 2D FEM model in COMSOL
Multiphysics® considering both steady-state and transient-state. The
model was validated in both scenarios in accordance with the experi-
mental results. The mesh was refined close to the PCM containers, as
shown in Fig. 11. A number of 21,949 elements were used and selected
for the mesh, where 10,024 of them were dedicated to the PCM layer. To
assess the independence of the results from the grid, a 45000-element
grid simulation was performed, where the changes were negligible.
The PCM was considered to be a porous media with both a solid and
liquid phase. The definition of the specific heat capacity was made
recurring to a normalized Dirac’s pulse. The thermal properties of the
PCM were calculated and evaluated using a multitude of conditions
(flow rate, supply water temperature, etc.). The simulation managed to
have an accuracy of 5 % at 23 °C.

Lu et al. carried out multiple studies [10,19,92] considering nu-
merical simulations of a Type232 PCM performed in TRANSYS® to
predict the behaviour of the system. A diagram of the developed simu-
lation is shown in Fig. 12. To perform the dynamic heat transfer model,
the analysis was split into 2 parts, one unsteady state when there is a
mixture of both solid and liquid PCM and an unsteady state where only
liquid or solid PCM exist. The mathematical description process includes
the momentum conservation equation, the continuity equation, and the
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RCP-PCM sample

Temperature and =

heat flux sensors

Thermal resistance

-~ Temperature controlled
metal plate

Fig. 9. Radiant ceiling modelled system [11].
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Fig. 11. System layout’s mesh with varying density [37].

energy conservation equation. The first 2 are not considered as the PCM
is enclosed in space. Energy conservation calculation is given by equa-
tion (25) using the heat capacity method.

In this model, the source term is a time-varying input term according
to the circulating water. The heat transfer is determined to be mainly
convection or conductive by calculating the Rayleigh number (Ra). If Ra
is smaller than 1708, the buoyancy force is superior to the viscous force,
thus the convection term may be ignored.

To assess the melting and solidification stages, the liquid fraction was
used, which was then used in a linear interpolation alongside the PCM’s
fully liquid and solid density (p, and p,), as well as the PCM’s fully liquid
and solid thermal conductivity (4, and 4;) in order to calculate the
effective density (p.) and the effective thermal conductivity (Ar) of the
PCM as demonstrated in equations (27) and (28).

To solve the partial differential equations, the interface tracking
method and the fixed grid method are used. The first converts the
irregular interface into a discretizable regular interface, allowing to
know every node’s temperature at any time, which increases the diffi-
culty of solving the equations. The former was chosen as it does not
require the determination of the solid-liquid interface, which makes it
simpler. The fixed grid method can be solved by recurring to both the
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enthalpy method and the apparent heat capacity. The apparent heat
capacity method was chosen as it solves the temperature directly,
facilitating calculation and because due to experimental conditions, the
enthalpy of the PCM could not be tested at different temperatures. To
represent the nonlinear variation of the specific heat capacity (Cesrp)
with a simplified step, equations (29) and (30) were used.

when validating the data from the numerical model, a couple of
strategies were used, the relative error (MRE) and the Bland-Altman
consistency analysis. The results show an MRE of 4.82 %. The Bland-
Altman consistency analysis of the reference building shows that d is
(—=0.005), Sd is 0.38, (d + 1.96Sd) is (—0.79,0.70) and 97 % of the data
are set in the consistency interval. Thus, the established model is both
approximately accurate and reliable.

Mohammadzadeh and Kavgic [93] developed a simulation-based
optimization of a PCM radiant floor system. Two scenarios were stud-
ied, the first being the optimization of the design variables PCM melting
temperature and thickness. The second scenario was composed of the
study of seven parameters, including PCM melting temperature and
thickness, insulation thickness and thermal conductivity, floor thick-
ness, thermal conductivity, and solar absorbance. For the numerical
simulation, EnergyPlus was used and the results for the optimization
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Fig. 12. TRNSYS diagram for the system layout [92].

were to be used in MATLAB. The integration of this software can be seen
in Fig. 13. A sensitivity analysis was made to assess the impact of small
changes in circulating fluid flow and temperature, recurring to FDM. It
concluded that an increase of 1 % of the circulating fluid temperature
had more impact on the system’s energy demand than the same increase
in fluid flow - up to a magnitude of two times.

4. Discussion and analysis
4.1. Numerical model’s mathematical formulations

While being highly accurate, compared to analytical models, CFD
simulation models of indoor environments require extensive computa-
tional costs, leading researchers to develop steady state models, which
do not provide the whole panorama of the expected performance of the
systems under real-world dynamics [54]. This contradicts the nature of
radiant systems, which store and release energy. To overcome this
contradiction, quasi-steady state models can be developed. This,
coupled with the advancements in computing makes transient finite
volume-based simulations more accessible and feasible, opening op-
portunities to develop work in the literature. Semi-analytical models
have advantages over purely analytical models, as they are more ver-
satile and use non-constant parameters [64]. As previously mentioned,
in Weber and Johanneson [61] and Liu et al. [60], R-C models have
proven to be very accurate and have very little computational cost when
compared to FEM, FMD and BEM methods, making them desirable in
order to save time and complexity in numerical simulations.

Despite the vast number of articles regarding the numerical simula-
tion of thermal systems, there is a lack of articles where comparisons are
made between multiple methods, making it difficult to extract conclu-
sions on which method is the most suited for a certain scenario.

4.2. Phase change materials modelling

In Iten et al. [79], a direct comparison between the enthalpy method
and the heat capacity method was developed regarding the same nu-
merical model of the air-PCM system. The authors concluded that the
heat capacity methods showed the most promising results, especially
regarding the PCM temperature. The errors of the heat capacity method
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were 2.6 % and 1.4 % when charging and discharging, respectively,
compared to the worse 5.7 % and 4.9 % from the enthalpy method, due
to the lever rule, which regards the temperature and enthalpy’s rela-
tionship as linear, negatively affecting the sensible heating and cooling.
Regarding the air intake, both had similar errors of about 1.4 %, as they
are not sensitive to the lever rule. The authors finish their conclusions by
recommending the usage of the heat capacity model.

In another study, Zhang [72] developed a numerical model using the
heat capacity method and compared it’s results to a former study in
which the enthalpy method was utilized. The author concluded that the
deviations of the enthalpy method were more significant. In this study,
using the heat capacity method, the maximum relative errors were less
than 2.7 % and 5.2 %.

Zang et al. [50] claimed that the accuracy of the heat capacity
method was always higher than that of the enthalpy method, caused by
the way how the methods treat the latent heat. While the enthalpy
method treats the sensible heat as a linear function, data from the DSC
showed it to have a parabolic behaviour. Three impact factors on the
effectiveness of the methods were studied, them being whether the
phase change range was unified, the phase change range and whether
the liquid fraction was considered, which are in decrescent order of
impact. Finally, the authors concluded that due to the way sensible heat
is treated in the methods, the enthalpy method had lower accuracies
than that of the heat capacity method.

In a study developed by Reichl et al. [94], a comparison was made
between two CFD models in ANSYS. These models were a solidification
and melting (SM) model based on the enthalpy porosity method and the
apparent heat capacity model (AHC). Both methods showed small de-
viations lower than 2 %. In this study, the authors concluded that phase
prediction sing both models is very accurate when natural convection
behaviour is included. The AHC method allows for good prediction of
phase front movement and temperature distribution. However, the SM
model had more difficulty in being applied to different cases due to the
mushy zone constant being very closely related to the experimental data.
This made the AHC model the one recommended by the authors.

Wijesuriya et al.[95] compared and analysed the enthalpy method
and the heat capacity method across several CFD simulation software
(EnergyPlus, ESP-r and WUFI). The results presented a good accuracy,
and to assess and evaluate the results they used the RMSE, CV(RMSE)
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Fig. 13. Integration of EnergyPlus and Matlab for result optimization [93].

and NMBE statistical calculations. Furthermore, the authors compared
two developed models, one in COMSOL and another in MATLAB, which
demonstrated that there were no significant gains in performing a 2D
analysis over a 1D. Furthermore, the authors admit that more work is
needed regarding different types of macroencapsulated PCM applica-
tions when 2D and 3D (3 dimensional) both hysteresis and heat transfer
effects have more intense effects.

Regarding the presented CFD modelling software and methods, the
use of the heat capacity model provides the most accurate results and is
the one that takes the least time to accomplish its results [96].

Phase change materials have a non-negligible change in density upon
phase change, which can reach values of more than 10 % between solid
and liquid phases. In real case scenarios, this behaviour can affect the
mechanical stability of the system and its structural integrity. The pre-
sented models consider multiple ways for calculate the heat transfer,
considering different variables, as the specific heat and enthalpy of the
material in both physical states (solid, liquid) and during the transition
phase. The lack of studies considering density changes and their impact
on the PCM radiant system’s structural integrity creates a possible area
of research to be further explored by researchers in future works.

4.3. Computational model’s layouts and systems

Regarding the aforementioned literature, it can be stated that it is
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possible to successfully represent a PCM radiant system with any of the
available methods and software with relatively low errors of 5 % or
lower. Despite the heat capacity method being the most accurate among
these, the enthalpy method is more adopted in the literature. All of the
studies demonstrate varying degrees of timesteps and nodes in the
simulations, depending on the developed system design. The authors
experiment with multiple values and once the results stabilize, the au-
thors utilize the lowest value possible, as to reduce the computational
cost of the simulation. Regarding the node number of the simulation, it is
a common practice to use a denser mesh in the interface between the
PCM macrocapsules/ activated layer and the non-PCM materials, which
is the zone with the most complex thermal behaviour due to the phase
changes.

5. Future direction of technology

With the development of this article, it is noticeable the de-
velopments already made regarding numerical modelling and simula-
tion in general. Other researchers have developed quality research work
in this field, developing new algorithms to simplify and solve the sys-
tem’s behaviour and methods. Advancements in technical-scientific
knowledge in the engineering field allow new developments consid-
ering more detailed and complete solving methods and algorithms.
Together with the latest breakthroughs in computational science,
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modern workstations, and commercial software, complex calculations
can be performed in a fraction of the time. Besides the time savings, the
model’s accuracy improved, providing more reliable results and allow-
ing researchers to further expand the boundaries of scientific knowl-
edge. Further developments on computational science will enable us to
compute already existing numerical models that were too complex for
old technology to solve. Furthermore, new developments in the math-
ematical methods will describe more accurately the behaviour of a
system whilst reducing its complexity, as to increase the reliability and
efficiency of results. All these benefits will provide more accurate data in
less time. The aggregate of these developments will result in information
with more quality, accelerating the innovation of the science in this
research areas.

However, there are some gaps of information in the literature, which
create interesting opportunities for further developments. There is a lack
of studies comparing multiple simulation approaches to the same
problem, which limits the possibility of comparing and analysing data.
Moreover, the dependence of current PCM numerical model techniques
in enthalpy is very noticeable. There are plenty of other models that can
be alternatively used, such as exergetic based models, which would
result in novelty work. This, combined with the lack of exploration of the
porous medium method would result in an innovative work. Further-
more, there aren’t many 3D complex transient models developed,
mainly due to the lack of computational power, leading researchers
away from using these methods and focus the research on 2D simple
models. One way to overcome this obstacle is to develop more efficient
numerical models that would be less computationally costly or to
embrace this hardship. Although, studies which take more time to
complete can provide more insightful data, providing to the authors an
opportunity to present and publish novel works. There is still more work
to be develop regarding the capabilities of the simulation software and
raw computational power, as well as the development of new less
computationally costly numerical methods. Another area which lacks
development is the presentation, comparison, discussion, and review of
PCM modelling schemes. The use of numerical modelling is very diverse,
changing from study to study, and according to the researcher’s
approach to the problem. More developments in this subject are
welcome, as they could provide more insight into practical numerical
modelling development, helping new researchers to give their first steps
in this field with more thoughtful inputs and rationalized choices.

6. Conclusion

The development of this article aimed at compiling and critically
reviewing relevant information in the literature to provide readers with
a comprehensive outlook of the numerical modelling of thermal systems,
focusing on numerical methods that describe phase change materials in
radiant systems enhanced with PCM. This review begins with an intro-
duction to the subject of general radiant systems, including their ap-
plications, types, and operation methods. This is followed by an
introduction of the relevance of numerical modelling in the develop-
ment of thermo-mechanical systems. Lastly, a multitude of existing re-
views in the literature is reviewed, as to elaborate on the necessity and
pertinence of the development of this new review. In section 2, nu-
merical modelling methods are enumerated, described and compared. In
subsection 2.2, the numerical modelling methods of PCM systems were
more thoroughly focused, as this subject was lacking in the literature. In
section 3, innovative recent studies with practical cases of numerical
modelling applications are disclosed. Here, examples of the applications
of the formerly exposed numerical modelling methods are presented. In
section 4, the authors discuss and critically analyse the previously pre-
sented information. Model’s accuracy, efficiency and use cases are
compared. This is followed by a discussion of the future direction of
technology in section 5. Lastly, in section 6, the authors summarize the
article and state the most important conclusions.

Concerning generic numerical models of radiant systems:
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- Simplified numerical models are easily integrated into building
simulations, but have many limitations, such as considering solar
incidence in the wall of a building. Opposingly, detailed models are
very robust but unfeasible to adopt, as they are too computationally
expensive, opening the opportunity for hybrid models.

Transient state models should replace the currently developed steady
state models as they represent more accurately the dynamic nature of
the system’s thermal behaviour.

R-C models are computationally cheap and effective.

Numerical simulations of general thermal systems are well available
in the industry.

There is a lack of studies comparing multiple simulation approaches.
There is opportunity in the literature to develop work in this field, to
further comprehend the benefits of each method.

Relatively to the numerical modelling of PCM systems:

There are no articles that fully disclose a comparison between all
methods of the numerical model of PCM, therefore there is no cer-
tainty about which model is best. This opens an interesting oppor-
tunity for further research, as in the development of an article which
compares all methods with one set of experimental data.

The choice of the method to use will always be dependent on the
interests of the researcher, whether being the fastest to complete or
the most accurate.

There is very little information in the literature regarding the porous
medium method.

Most of the available literature refers to models that depend on the
enthalpy of the system. The use of other alternatives, such as
recurring to exergetic models is still lacking on the literature,
creating a window of opportunity for researchers to develop inno-
vative work on this subject.

The literature agrees that the apparent heat capacity method is the
one that gives the most accurate results.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgements

This research was funded by the Foundation for Science and Tech-
nology (FCT) in the framework of the research project PTDC/ECI-CON/
3436,/2020 Super Energy Efficient Radiant Floor Systems — SEERFloor.

This article was supported by the projects UIDB/00481,/2020 and
UIDP/00481/2020 - Fundacao para a Ciéncia e a Tecnologia; and
CENTRO-01-0145-FEDER-022083 - Centro Portugal Regional Opera-
tional Programme (Centro2020), under the PORTUGAL 2020 Partner-
ship Agreement, through the European Regional Development Fund.

Thanks are due to University of Aveiro and the Foundation for Sci-
ence and Technology (FCT)—Risks and Sustainability in Construction
(RISCO), Universidade de Aveiro, Portugal [FCT/UIDB/ECI/04450/
2020].

References

[1] S. Roaf, L. Brotas, F. Nicol, Counting the costs of comfort, Count. Costs Comfort 43
(2015) 269-273, https://doi.org/10.1080/09613218.2014.998948.

[2] S. Ramakrishnan, X. Wang, J. Sanjayan, J. Wilson, Thermal performance of
buildings integrated with phase change materials to reduce heat stress risks during


https://doi.org/10.1080/09613218.2014.998948

M. Moreira et al.

[3]

[4]

[5]

[6

[}

[71

[8

=

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

extreme heatwave events, Appl. Energy 194 (2017) 410-421, https://doi.org/
10.1016/J.APENERGY.2016.04.084.

A. Sharma, V.V. Tyagi, C.R. Chen, D. Buddhi, Review on thermal energy storage
with phase change materials and applications, Renew. Sustain. Energy Rev. 13
(2009) 318-345, https://doi.org/10.1016/J.RSER.2007.10.005.

R. Ansuini, R. Larghetti, A. Giretti, M. Lemma, Radiant floors integrated with PCM
for indoor temperature control, Energy Build. 43 (2011) 3019-3026, https://doi.
org/10.1016/J.ENBUILD.2011.07.018.

L. Royon, L. Karim, A. Bontemps, Optimization of PCM embedded in a floor panel
developed for thermal management of the lightweight envelope of buildings,
Energy Build. 82 (2014) 385-390, https://doi.org/10.1016/J.
ENBUILD.2014.07.012.

M.S. Shin, K.N. Rhee, S.R. Ryu, M.S. Yeo, K.W. Kim, Design of radiant floor heating
panel in view of floor surface temperatures, Build Environ. 92 (2015) 559-577,
https://doi.org/10.1016/J.BUILDENV.2015.05.006.

G. Zhou, J. He, Thermal performance of a radiant floor heating system with
different heat storage materials and heating pipes, Appl. Energy 138 (2015)
648-660, https://doi.org/10.1016/J.APENERGY.2014.10.058.

M.T. Plytaria, C. Tzivanidis, E. Bellos, K.A. Antonopoulos, Energetic investigation
of solar assisted heat pump underfloor heating systems with and without phase
change materials, Energy Convers Manag. 173 (2018) 626-639, https://doi.org/
10.1016/J.ENCONMAN.2018.08.010.

M.L Jobli, R. Yao, Z. Luo, M. Shahrestani, N. Li, H. Liu, Numerical and
experimental studies of a Capillary-Tube embedded PCM component for improving
indoor thermal environment, Appl. Therm. Eng. 148 (2019) 466-477, https://doi.
org/10.1016/J. APPLTHERMALENG.2018.10.041.

S. Lu, B. Xu, X. Tang, Experimental study on double pipe PCM floor heating system
under different operation strategies, Renew, Energy 145 (2020) 1280-1291,
https://doi.org/10.1016/J.RENENE.2019.06.086.

A. Gallardo, U. Berardi, Design and control of radiant ceiling panels incorporating
phase change materials for cooling applications, Appl. Energy 304 (2021), 117736,
https://doi.org/10.1016/J.APENERGY.2021.117736.

Y. Xu, B.B. Sun, L.J. Liu, X.Y. Liu, The numerical simulation of radiant floor cooling
and heating system with double phase change energy storage and the thermal
performance, J. Energy Storage 40 (2021), 102635, https://doi.org/10.1016/J.
EST.2021.102635.

R.M.S.F. Almeida, R. da S. Vicente, A. Ventura-Gouveia, A. Figueiredo, F. Rebelo,
E. Roque, V.M. Ferreira, Experimental and numerical simulation of a radiant floor
system: The impact of different screed mortars and floor finishings, Materials 15
(2022), https://doi.org/10.3390/MA15031015.

F. Neto, B. Pereira, R. Teixeira, R. Rodrigues, LNCE, Thermal performance
optimization methods for heat exchangers with accumulation in phase change
materials, Lecture Notes Civ. Eng. 226 (2022) 408-417, https://doi.org/10.1007/
978-3-030-94514-5_41.

T. Silva, R. Vicente, C. Amaral, A. Figueiredo, Thermal performance of a window
shutter containing PCM: Numerical validation and experimental analysis, Appl.
Energy 179 (2016) 64-84, https://doi.org/10.1016/j.apenergy.2016.06.126.

Q. Li, L. Ma, D. Li, M. Aricy, C. Yildiz, Z. Wang, Y. Liu, Thermoeconomic analysis of
a wall incorporating phase change material in a rural residence located in
northeast China, Sustainable Energy Technol. Assess. 44 (2021), 101091, https://
doi.org/10.1016/J.SETA.2021.101091.

C. Liu, G. Zhang, M. Aricy, J. Bian, D. Li, Thermal performance of non-ventilated
multilayer glazing facades filled with phase change material, Sol. Energy 177
(2019) 464-470, https://doi.org/10.1016/J.SOLENER.2018.11.044.

S.A. Memon, Phase change materials integrated in building walls: A state of the art
review, Renew. Sustain. Energy Rev. 31 (2014) 870-906, https://doi.org/10.1016/
J.RSER.2013.12.042.

S. Lu, J. Gao, H. Tong, S. Yin, X. Tang, X. Jiang, Model establishment and operation
optimization of the casing PCM radiant floor heating system, Energy 193 (2020),
116814, https://doi.org/10.1016/J.ENERGY.2019.116814.

S. Baek, S. Kim, Analysis of thermal performance and energy saving potential by
PCM radiant floor heating system based on wet construction method and hot
water, Energies 12 (2019) 828, https://doi.org/10.3390/EN12050828.

L. Su, N. Li, X. Zhang, Y. Sun, J. Qian, Heat transfer and cooling characteristics of
concrete ceiling radiant cooling panel, Appl. Therm. Eng. 84 (2015) 170-179,
https://doi.org/10.1016/J.APPLTHERMALENG.2015.03.045.

X. Su, L. Zhang, Z. Liu, Y. Luo, J. Lian, Y. Luo, A computational model of an
improved cooling radiant ceiling panel system for optimization and design, Build
Environ. 163 (2019), 106312, https://doi.org/10.1016/J.
BUILDENV.2019.106312.

M. Krajéik, M. Simko, O. Sikula, D. Szabé, D. Petras, Thermal performance of a
radiant wall heating and cooling system with pipes attached to thermally
insulating bricks, Energy Build. 246 (2021), 111122, https://doi.org/10.1016/J.
ENBUILD.2021.111122.

Roth, 2022, https://www.roth-spain.com/es/default.htm (accessed January 18,
2022).

Warmup, 2022, https://www.warmup.pt/piso-radiante (accessed January 18,
2022).

M. Krajéik, M. Arici, O. Sikula, M. Simko, Review of water-based wall systems:
Heating, cooling, and thermal barriers, Energy Build. 253 (2021), 111476, https://
doi.org/10.1016/J.ENBUILD.2021.111476.

L. Ye, N. Xie, Y. Lan, J. Niu, S. Deng, X. Gao, Y. Fang, Z. Zhang, Preparation and
thermal performance enhancement of sodium thiosulfate pentahydrate- sodium
acetate trihydrate /expanded graphite phase change energy storage composites,
J. Energy Storage 50 (2022), https://doi.org/10.1016/J.EST.2022.104074.

14

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Applied Thermal Engineering 234 (2023) 121342

D. Cvetkovié, A. Nesovi¢, The impact of heat source at radiant electric heating
panel, Energy Build. 239 (2021), https://doi.org/10.1016/J.
ENBUILD.2021.110843.

R. Miao, X. Hu, Y. Yu, Q. Zhang, Z. Lin, A. Banawi, A.C. Megri, Experimental study
to analyze feasibility of a novel panelized ground-source thermoelectric system for
building space heating and cooling, Energies (Basel) 15 (2022), https://doi.org/
10.3390/EN15010209.

H. Lim, Y.K. Kang, J.W. Jeong, Application of a phase change material to a
thermoelectric ceiling radiant cooling panel as a heat storage layer, J. Build. Eng.
32 (2020), https://doi.org/10.1016/J.JOBE.2020.101787.

M.T. Plytaria, C. Tzivanidis, E. Bellos, K.A. Antonopoulos, Parametric analysis and
optimization of an underfloor solar assisted heating system with phase change
materials, Therm. Sci. Eng. Progr. 10 (2019) 59-72, https://doi.org/10.1016/J.
TSEP.2019.01.010.

G. Yu, H. Yang, Z. Yan, M. Kyeredey Ansah, A review of designs and performance of
facade-based building integrated photovoltaic-thermal (BIPVT) systems, Appl.
Therm. Eng. 182 (2021), https://doi.org/10.1016/J.
APPLTHERMALENG.2020.116081.

O. Pons, A. Aguado, A.L. Fernandez, L.F. Cabeza, J.M. Chimenos, Review of the use
of phase change materials (PCMs) in buildings with reinforced concrete structures,
Mater. Constr. 64 (2014), https://doi.org/10.3989/MC.2014.05613.

A. Wagas, Z. Ud Din, Phase change material (PCM) storage for free cooling of
buildings - A review, Renew. Sustain. Energy Rev. 18 (2013) 607-625, https://doi.
org/10.1016/J.RSER.2012.10.034.

M. Moreira, J. Dias-de-Oliveira, C. Amaral, F. Neto, T. Silva, Outline of the
incorporation of phase change materials in radiant systems, J Energy Storage. 57
(2023), https://doi.org/10.1016/J.EST.2022.106307.

M. Krajéik, O. Sikula, Heat storage efficiency and effective thermal output:
Indicators of thermal response and output of radiant heating and cooling systems,
Energy Build. 229 (2020), 110524, https://doi.org/10.1016/J.
ENBUILD.2020.110524.

B. Larwa, S. Cesari, M. Bottarelli, Study on thermal performance of a PCM
enhanced hydronic radiant floor heating system, Energy 225 (2021), 120245,
https://doi.org/10.1016/J.ENERGY.2021.120245.

S. Baek, J.C. Park, Proposal of a PCM underfloor heating system using a web
construction method, Int. J. Polym. Sci. 2017 (2017) 1-10, https://doi.org/
10.1155/2017/2693526.

C.E. Higgins, N. Baker, G. Bathurst, Advantages of numerical modelling for
development of marine renewables, RINA Royal Institut. Naval Arch. Int. Conf. -
Marine Renew. Energy - Papers (2008), https://doi.org/10.3940/rina.
mre.2008.05.

B. Gonzdlez, M.M. Prieto, Radiant heating floors with PCM bands for thermal
energy storage: A numerical analysis, Int. J. Therm. Sci. 162 (2021), 106803,
https://doi.org/10.1016/J.IJTHERMALSCI.2020.106803.

S. Baek, S. Kim, Determination of optimum hot-water temperatures for PCM
radiant floor-heating systems based on the wet construction method, Sustainability
10 (2018) 4004, https://doi.org/10.3390/sul0114004.

A.H. Sweidan, Y. Heider, B. Markert, Modeling of PCM-based enhanced latent heat
storage systems using a phase-field-porous media approach, Contin. Mech.
Thermodyn. 32 (2020) 861-882, https://doi.org/10.1007/500161-019-00764-4.
Y. Dutil, D.R. Rousse, N. Ben Salah, S. Lassue, L. Zalewski, A review on phase-
change materials: Mathematical modeling and simulations, Renew. Sustain. Energy
Rev. 15 (2011) 112-130, https://doi.org/10.1016/J.RSER.2010.06.011.

D. Sanyal, P.R. Rao, O.P. Gupta, Modelling of free boundary problems for phase
change with diffuse interfaces, Math. Probl. Eng. 2005 (2005) 309-324, https://
doi.org/10.1155/MPE.2005.309.

Y. Zhao, C.Y. Zhao, Z.G. Xu, H.J. Xu, Modeling metal foam enhanced phase change
heat transfer in thermal energy storage by using phase field method, Int. J. Heat
Mass Transf. C (2016) 170-181, https://doi.org/10.1016/J.
IJHEATMASSTRANSFER.2016.03.076.

L. Liu, X. Yang, Y. Liu al, L. Klimes, T. Mauder, P. Charvat, An accuracy analysis of
the front tracking method and interface capturing methods for the solution of heat
transfer problems with phase changes, J. Phys. (2016), https://doi.org/10.1088/
1742-6596/745/3/032136.

M. Nicotra, M. Caldera, P. Leone, F. Zanghirella, Model-based analysis of thermal
energy storage for multiple temperature level heat supply, Appl. Therm. Eng. 141
(2018) 288-297, https://doi.org/10.1016/J. APPLTHERMALENG.2018.05.132.

A. De Gracia, A. Castell, C. Ferndndez, L.F. Cabeza, A simple model to predict the
thermal performance of a ventilated facade with phase change materials, Energy
Build. 93 (2015) 137-142, https://doi.org/10.1016/J.ENBUILD.2015.01.069.

Y. Kozak, G. Ziskind, Novel enthalpy method for modeling of PCM melting
accompanied by sinking of the solid phase, Int. J. Heat Mass Transf. 112 (2017)
568-586, https://doi.org/10.1016/J.IJTHEATMASSTRANSFER.2017.04.088.

Y. Zhang, K. Du, J.P. He, L. Yang, Y.J. Li, Impact factors analysis of the enthalpy
method and the effective heat capacity method on the transient nonlinear heat
transfer in phase change materials (pcms), Numer. Heat Transf. A Appl. 65 (2014)
66-83, https://doi.org/10.1080/10407782.2013.811153.

C. Amaral, T. Silva, F. Mohseni, J.S. Amaral, V.S. Amaral, P.A.A.P. Marques,

A. Barros-Timmons, R. Vicente, Experimental and numerical analysis of the
thermal performance of polyurethane foams panels incorporating phase change
material, Energy 216 (2021), 119213, https://doi.org/10.1016/J.
ENERGY.2020.119213.

T. Mukhamet, S. Kobeyev, A. Nadeem, S.A. Memon, Ranking PCMs for building
facade applications using multi-criteria decision-making tools combined with
energy simulations, Energy 215 (2021), 119102, https://doi.org/10.1016/J.
ENERGY.2020.119102.


https://doi.org/10.1016/J.APENERGY.2016.04.084
https://doi.org/10.1016/J.APENERGY.2016.04.084
https://doi.org/10.1016/J.RSER.2007.10.005
https://doi.org/10.1016/J.ENBUILD.2011.07.018
https://doi.org/10.1016/J.ENBUILD.2011.07.018
https://doi.org/10.1016/J.ENBUILD.2014.07.012
https://doi.org/10.1016/J.ENBUILD.2014.07.012
https://doi.org/10.1016/J.BUILDENV.2015.05.006
https://doi.org/10.1016/J.APENERGY.2014.10.058
https://doi.org/10.1016/J.ENCONMAN.2018.08.010
https://doi.org/10.1016/J.ENCONMAN.2018.08.010
https://doi.org/10.1016/J.APPLTHERMALENG.2018.10.041
https://doi.org/10.1016/J.APPLTHERMALENG.2018.10.041
https://doi.org/10.1016/J.RENENE.2019.06.086
https://doi.org/10.1016/J.APENERGY.2021.117736
https://doi.org/10.1016/J.EST.2021.102635
https://doi.org/10.1016/J.EST.2021.102635
https://doi.org/10.3390/MA15031015
https://doi.org/10.1007/978-3-030-94514-5_41
https://doi.org/10.1007/978-3-030-94514-5_41
https://doi.org/10.1016/j.apenergy.2016.06.126
https://doi.org/10.1016/J.SETA.2021.101091
https://doi.org/10.1016/J.SETA.2021.101091
https://doi.org/10.1016/J.SOLENER.2018.11.044
https://doi.org/10.1016/J.RSER.2013.12.042
https://doi.org/10.1016/J.RSER.2013.12.042
https://doi.org/10.1016/J.ENERGY.2019.116814
https://doi.org/10.3390/EN12050828
https://doi.org/10.1016/J.APPLTHERMALENG.2015.03.045
https://doi.org/10.1016/J.BUILDENV.2019.106312
https://doi.org/10.1016/J.BUILDENV.2019.106312
https://doi.org/10.1016/J.ENBUILD.2021.111122
https://doi.org/10.1016/J.ENBUILD.2021.111122
https://www.roth-spain.com/es/default.htm
https://www.warmup.pt/piso-radiante
https://doi.org/10.1016/J.ENBUILD.2021.111476
https://doi.org/10.1016/J.ENBUILD.2021.111476
https://doi.org/10.1016/J.EST.2022.104074
https://doi.org/10.1016/J.ENBUILD.2021.110843
https://doi.org/10.1016/J.ENBUILD.2021.110843
https://doi.org/10.3390/EN15010209
https://doi.org/10.3390/EN15010209
https://doi.org/10.1016/J.JOBE.2020.101787
https://doi.org/10.1016/J.TSEP.2019.01.010
https://doi.org/10.1016/J.TSEP.2019.01.010
https://doi.org/10.1016/J.APPLTHERMALENG.2020.116081
https://doi.org/10.1016/J.APPLTHERMALENG.2020.116081
https://doi.org/10.3989/MC.2014.05613
https://doi.org/10.1016/J.RSER.2012.10.034
https://doi.org/10.1016/J.RSER.2012.10.034
https://doi.org/10.1016/J.EST.2022.106307
https://doi.org/10.1016/J.ENBUILD.2020.110524
https://doi.org/10.1016/J.ENBUILD.2020.110524
https://doi.org/10.1016/J.ENERGY.2021.120245
https://doi.org/10.1155/2017/2693526
https://doi.org/10.1155/2017/2693526
https://doi.org/10.3940/rina.mre.2008.05
https://doi.org/10.3940/rina.mre.2008.05
https://doi.org/10.1016/J.IJTHERMALSCI.2020.106803
https://doi.org/10.3390/su10114004
https://doi.org/10.1007/S00161-019-00764-4
https://doi.org/10.1016/J.RSER.2010.06.011
https://doi.org/10.1155/MPE.2005.309
https://doi.org/10.1155/MPE.2005.309
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2016.03.076
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2016.03.076
https://doi.org/10.1088/1742-6596/745/3/032136
https://doi.org/10.1088/1742-6596/745/3/032136
https://doi.org/10.1016/J.APPLTHERMALENG.2018.05.132
https://doi.org/10.1016/J.ENBUILD.2015.01.069
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2017.04.088
https://doi.org/10.1080/10407782.2013.811153
https://doi.org/10.1016/J.ENERGY.2020.119213
https://doi.org/10.1016/J.ENERGY.2020.119213
https://doi.org/10.1016/J.ENERGY.2020.119102
https://doi.org/10.1016/J.ENERGY.2020.119102

M. Moreira et al.

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

M. Sovetova, S.A. Memon, J. Kim, Thermal performance and energy efficiency of
building integrated with PCMs in hot desert climate region, Sol. Energy 189 (2019)
357-371, https://doi.org/10.1016/J.SOLENER.2019.07.067.

M.A. Hassan, O. Abdelaziz, Best practices and recent advances in hydronic radiant
cooling systems — Part II: Simulation, control, and integration, Energy Build. 224
(2020), 110263, https://doi.org/10.1016/J.ENBUILD.2020.110263.

J. Kim, A. Tzempelikos, J.E. Braun, Review of modelling approaches for passive
ceiling cooling systems, J. Build Perform. Simul. 8 (2014) 145-172, https://doi.
0rg/10.1080/19401493.2014.899394.

J. Romani, A. De Gracia, L.F. Cabeza, Simulation and control of thermally activated
building systems (TABS), Energy Build. 127 (2016) 22-42, https://doi.org/
10.1016/J.ENBUILD.2016.05.057.

A. de Gracia, L.F. Cabeza, Numerical simulation of a PCM packed bed system: A
review, Renew. Sustain. Energy Rev. 69 (2017) 1055-1063, https://doi.org/
10.1016/J.RSER.2016.09.092.

K. Ghasemi, S. Tasnim, S. Mahmud, PCM, nano/microencapsulation and slurries: A
review of fundamentals, categories, fabrication, numerical models and
applications, Sustainable Energy Technol. Assess. 52 (2022), https://doi.org/
10.1016/J.SETA.2022.102084.

Z. Ge, Review on data-driven modeling and monitoring for plant-wide industrial
processes, Chemom. Intel. Lab. Syst. 171 (2017) 16-25, https://doi.org/10.1016/
J.CHEMOLAB.2017.09.021.

K. Liu, Z. Tian, C. Zhang, Y. Ding, W. Wang, Establishment and validation of
modified star-type RC-network model for concrete core cooling slab, Energy Build.
43 (2011) 2378-2384, https://doi.org/10.1016/J.ENBUILD.2011.05.029.

T. Weber, G. Jéhannesson, An optimized RC-network for thermally activated
building components, Build Environ. 40 (2005) 1-14, https://doi.org/10.1016/J.
BUILDENV.2004.04.012.

B. Bueno, L. Norford, G. Pigeon, R. Britter, A resistance-capacitance network model
for the analysis of the interactions between the energy performance of buildings
and the urban climate, Build Environ. 54 (2012) 116-125, https://doi.org/
10.1016/J.BUILDENV.2012.01.023.

M.J. Ren, J.A. Wright, A ventilated slab thermal storage system model, Build
Environ. 33 (1998) 43-52, https://doi.org/10.1016/50360-1323(97)00030-9.

M. Tye-Gingras, L. Gosselin, Investigation on heat transfer modeling assumptions
for radiant panels with serpentine layout, Energy Build. 43 (2011) 1598-1608,
https://doi.org/10.1016/J.ENBUILD.2011.03.004.

D. Xie, Y. Wang, H. Wang, S. Mo, M. Liao, Numerical analysis of temperature non-
uniformity and cooling capacity for capillary ceiling radiant cooling panel, Renew.
Energy 87 (2016) 1154-1161, https://doi.org/10.1016/J.RENENE.2015.08.029.
Z. Cheng, S. Cheng, Study on indoor comfort of floor radiant cooling and
displacement ventilation system in large space, in: IOP Conf. Ser.: Earth Environ.
Sci. 238, 2019, doi: 10.1088/1755-1315/238/1/012078.

S. Pintaldi, C. Perfumo, S. Sethuvenkatraman, S. White, G. Rosengarten, A review
of thermal energy storage technologies and control approaches for solar cooling,
Renew. Sustain. Energy Rev. 41 (2015) 975-995, https://doi.org/10.1016/J.
RSER.2014.08.062.

R. Zeinelabdein, S. Omer, G. Gan, Critical review of latent heat storage systems for
free cooling in buildings, Renew. Sustain. Energy Rev. 82 (2018) 2843-2868,
https://doi.org/10.1016/J.RSER.2017.10.046.

1. Sarbu, C. Sebarchievici, A comprehensive review of thermal energy storage,
Sustainability 10 (2018) 191, https://doi.org/10.3390/5U10010191.

T.R. Whiffen, S.B. Riffat, A review of PCM technology for thermal energy storage in
the built environment: Part I, Int. J. Low-Carbon Technol. 8 (2013) 147-158,
https://doi.org/10.1093/IJLCT/CTS021.

S.S. Shastri, R.M. Allen, Method of lines and enthalpy method for solving moving
boundary problems, Int. Commun. Heat Mass Transfer 25 (1998) 531-540, https://
doi.org/10.1016/50735-1933(98)00040-2.

Y. Zhang, Modified computational methods using effective heat capacity model for
the thermal evaluation of PCM outfitted walls, Int. Commun. Heat Mass Transfer
108 (2019), https://doi.org/10.1016/J.ICHEATMASSTRANSFER.2019.104278.
Colin C. Cryer, John Crank, Free and moving boundary problems, (1986) , doi:
10.2307,/2008018 .

K. Lin, Y. Zhang, H. Di, R. Yang, Study of an electrical heating system with ductless
air supply and shape-stabilized PCM for thermal storage, Energy Convers. Manag.
48 (2007) 2016-2024, https://doi.org/10.1016/J.ENCONMAN.2007.01.014.

C.A. Saleel, Numerical study on melting and heat transfer characteristics of paraffin
wax/ SiC paraffin using enthalpy-porosity model, J. Therm. Anal. Calorim. (2022),
https://doi.org/10.1007/510973-022-11265-Z.

15

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]
[90]
[91]

[92]

[93]

[94]

[95]

[96]

Applied Thermal Engineering 234 (2023) 121342

Q. Xiong, H.M. Alshehri, R. Monfaredi, T. Tayebi, F. Majdoub, A. Hajjar,

M. Delpisheh, M. Izadi, Application of phase change material in improving trombe
wall efficiency: An up-to-date and comprehensive overview, Energy Build. 258
(2022), 111824, https://doi.org/10.1016/J.ENBUILD.2021.111824.

P. Devaux, M.M. Farid, Benefits of PCM underfloor heating with PCM wallboards
for space heating in winter, Appl. Energy 191 (2017) 593-602, https://doi.org/
10.1016/J.APENERGY.2017.01.060.

H. Akeiber, P. Nejat, M.Z.A. Majid, M.A. Wahid, F. Jomehzadeh, I. Zeynali Famileh,
J.K. Calautit, B.R. Hughes, S.A. Zaki, A review on phase change material (PCM) for
sustainable passive cooling in building envelopes, Renew. Sustain. Energy Rev. 60
(2016) 1470-1497, https://doi.org/10.1016/J.RSER.2016.03.036.

M. Iten, S. Liu, A. Shukla, Experimental validation of an air-PCM storage unit
comparing the effective heat capacity and enthalpy methods through CFD
simulations, Energy 155 (2018) 495-503, https://doi.org/10.1016/J.
ENERGY.2018.04.128.

T.S. Prasanna Kumar, Casting simulation methods, Comprehen. Mater. Process. 5
(2014) 235-257, https://doi.org/10.1016/B978-0-08-096532-1.00507-0.

X. Du, P. Li, C. Zhao, G. Sang, The effect of PCM with different thermos-physical
parameters on indoor temperature of Xi’an Solar Greenhouse, IOP Conf. Ser. Earth
Environ. Sci. 631 (2021), https://doi.org/10.1088/1755-1315/631/1/012014.

P. Lamberg, K. Sirén, P. Lamberg, K. Sirén, Analytical model for melting in a semi-
infinite PCM storage with an internal fin, HMT 39 (2002) 167-176, https://doi.
org/10.1007/500231-002-0291-1.

V. Krassimirov Krastev, G. Falcucci, Comparison of enthalpy-porosity and lattice
Boltzmann-phase field techniques for the simulation of the heat trans-fer and
melting processes in LHTES devices, (n.d.). doi:10.1051/e3sconf/202131201002.
J. Vogel, J. Felbinger, M. Johnson, Natural convection in high temperature flat
plate latent heat thermal energy storage systems, Appl. Energy 184 (2016)
184-196, https://doi.org/10.1016/J.APENERGY.2016.10.001.

A.D. Brent, V.R. Voller, K.J. Reid, Enthalpy-porosity technique for modeling
convection-diffusion phase change: Application to the melting of a pure metal,
Numer. Heat Transfer. 13 (1988) 297-318, https://doi.org/10.1080/
10407788808913615.

J. Gheorghe, P. Constantin, Brinkman-Forchheimer-Darcy flow past an
impermeable cylinder embedded in a porous medium, INCAS Bullet. 7 (2015)
95-101, https://doi.org/10.13111/2066-8201.2015.7.4.9.

G.P. Panayiotou, S.A. Kalogirou, S.A. Tassou, Evaluation of the application of
Phase Change Materials (PCM) on the envelope of a typical dwelling in the
Mediterranean region, Renew. Energy 97 (2016) 24-32, https://doi.org/10.1016/
J.RENENE.2016.05.043.

J. Feng, S. Schiavon, F. Bauman, Cooling load differences between radiant and air
systems, Energy Build. 65 (2013) 310-321, https://doi.org/10.1016/J.
ENBUILD.2013.06.009.

ISO 11855-4:2021, ISO. (2021) 58. https://www.iso.org/obp/ui/#iso:std:74686:
en (accessed July 28, 2022).

VDI 6020 - 2016-09, Beuth Publishing DIN. 2016, p. 77, https://www.beuth.de/e
n/draft-technical-rule/vdi-6020/258243045 (accessed July 28, 2022).

ASHRAE Research, HANDBOOK ASHRAE, HVAC Systems and Equipment SI
Edition (2012), https://doi.org/10.1016/0140-6701(96)86948-7.

S. Lu, Y. Zhao, K. Fang, Y. Li, P. Sun, Establishment and experimental verification
of TRNSYS model for PCM floor coupled with solar water heating system, Energy
Build. 140 (2017) 245-260, https://doi.org/10.1016/J.ENBUILD.2017.02.018.

A. Mohammadzadeh, M. Kavgic, Multivariable optimization of PCM-enhanced
radiant floor of a highly glazed study room in cold climates, Build. Simul. 13
(2019) 559-574, https://doi.org/10.1007/512273-019-0592-7.

C. Reichl, S. Both, P. Mascherbauer, J. Emhofer, Comparison of two CFD
approaches using constant and temperature dependent heat capacities during the
phase transition in PCMs with experimental and analytical results, Processes 10
(2022), https://doi.org/10.3390/PR10020302.

S. Wijesuriya, P.C. Tabares-Velasco, K. Biswas, D. Heim, Empirical validation and
comparison of PCM modeling algorithms commonly used in building energy and
hygrothermal software, Build Environ. 173 (2020), 106750, https://doi.org/
10.1016/J.BUILDENV.2020.106750.

T. Bouhal, T. El Rhafiki, T. Kousksou, A. Jamil, Y. Zeraouli, PCM addition inside
solar water heaters: Numerical comparative approach, J Energy Storage. 19 (2018)
232-246, https://doi.org/10.1016/J.EST.2018.08.005.


https://doi.org/10.1016/J.SOLENER.2019.07.067
https://doi.org/10.1016/J.ENBUILD.2020.110263
https://doi.org/10.1080/19401493.2014.899394
https://doi.org/10.1080/19401493.2014.899394
https://doi.org/10.1016/J.ENBUILD.2016.05.057
https://doi.org/10.1016/J.ENBUILD.2016.05.057
https://doi.org/10.1016/J.RSER.2016.09.092
https://doi.org/10.1016/J.RSER.2016.09.092
https://doi.org/10.1016/J.SETA.2022.102084
https://doi.org/10.1016/J.SETA.2022.102084
https://doi.org/10.1016/J.CHEMOLAB.2017.09.021
https://doi.org/10.1016/J.CHEMOLAB.2017.09.021
https://doi.org/10.1016/J.ENBUILD.2011.05.029
https://doi.org/10.1016/J.BUILDENV.2004.04.012
https://doi.org/10.1016/J.BUILDENV.2004.04.012
https://doi.org/10.1016/J.BUILDENV.2012.01.023
https://doi.org/10.1016/J.BUILDENV.2012.01.023
https://doi.org/10.1016/S0360-1323(97)00030-9
https://doi.org/10.1016/J.ENBUILD.2011.03.004
https://doi.org/10.1016/J.RENENE.2015.08.029
https://doi.org/10.1016/J.RSER.2014.08.062
https://doi.org/10.1016/J.RSER.2014.08.062
https://doi.org/10.1016/J.RSER.2017.10.046
https://doi.org/10.3390/SU10010191
https://doi.org/10.1093/IJLCT/CTS021
https://doi.org/10.1016/S0735-1933(98)00040-2
https://doi.org/10.1016/S0735-1933(98)00040-2
https://doi.org/10.1016/J.ICHEATMASSTRANSFER.2019.104278
https://doi.org/10.1016/J.ENCONMAN.2007.01.014
https://doi.org/10.1007/S10973-022-11265-Z
https://doi.org/10.1016/J.ENBUILD.2021.111824
https://doi.org/10.1016/J.APENERGY.2017.01.060
https://doi.org/10.1016/J.APENERGY.2017.01.060
https://doi.org/10.1016/J.RSER.2016.03.036
https://doi.org/10.1016/J.ENERGY.2018.04.128
https://doi.org/10.1016/J.ENERGY.2018.04.128
https://doi.org/10.1016/B978-0-08-096532-1.00507-0
https://doi.org/10.1088/1755-1315/631/1/012014
https://doi.org/10.1007/S00231-002-0291-1
https://doi.org/10.1007/S00231-002-0291-1
https://doi.org/10.1016/J.APENERGY.2016.10.001
https://doi.org/10.1080/10407788808913615
https://doi.org/10.1080/10407788808913615
https://doi.org/10.13111/2066-8201.2015.7.4.9
https://doi.org/10.1016/J.RENENE.2016.05.043
https://doi.org/10.1016/J.RENENE.2016.05.043
https://doi.org/10.1016/J.ENBUILD.2013.06.009
https://doi.org/10.1016/J.ENBUILD.2013.06.009
https://www.iso.org/obp/ui/%23iso%3astd%3a74686%3aen
https://www.iso.org/obp/ui/%23iso%3astd%3a74686%3aen
https://www.beuth.de/en/draft-technical-rule/vdi-6020/258243045
https://www.beuth.de/en/draft-technical-rule/vdi-6020/258243045
https://doi.org/10.1016/0140-6701(96)86948-7
https://doi.org/10.1016/J.ENBUILD.2017.02.018
https://doi.org/10.1007/S12273-019-0592-7
https://doi.org/10.3390/PR10020302
https://doi.org/10.1016/J.BUILDENV.2020.106750
https://doi.org/10.1016/J.BUILDENV.2020.106750
https://doi.org/10.1016/J.EST.2018.08.005

	Numerical modelling of radiant systems and phase change materials in building applications - a review
	1 Introduction
	1.1 Radiant systems description
	1.2 Numerical modelling
	1.3 Previous reviews and stat-of-art

	2 Mathematical formulations and numerical models
	2.1 Conventional radiant systems
	2.1.1 Computational numerical models
	2.1.2 Analytical and semi-analytical models
	2.1.3 Resistor-Capacitor models (R-C)
	2.1.4 Regression data driven and identification models

	2.2 Phase change materials
	2.2.1 Enthalpy method
	2.2.2 Heat capacity method/Neumann solution
	2.2.3 Porous medium method
	2.2.4 Enthalpy-Porosity method


	3 Computational models’ layouts and systems
	4 Discussion and analysis
	4.1 Numerical model’s mathematical formulations
	4.2 Phase change materials modelling
	4.3 Computational model’s layouts and systems

	5 Future direction of technology
	6 Conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


