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Abstract

Recent research focuses on optimal design of thermal energy storage (TES) sys-

tems for various plants and processes, using advanced optimization techniques.

There is a wide range of TES technologies for diverse thermal applications,

each with unique technical and economic characteristics. Matching an applica-

tion with the most suitable TES system remains challenging. This study pro-

poses an eight-step design methodology guiding the process from describing

the thermal process to defining the most appropriate TES based on constraints

and requirements. The steps include specifying the thermal process, system

design parameters, storage characteristics, integration parameters, key perfor-

mance indicators, optimization method, tools, and design robustness. Seven

already-designed TES systems are evaluated to assess the methodology's effec-

tiveness, where the design procedures have been adapted to the proposed steps.

Case studies involve various applications with both sensible and latent TES

systems, demonstrating the applicability of the proposed design procedure. A

significant diversity exists among the design cases regarding the design objec-

tive, input, design, and output parameters. Nevertheless, the design procedure

in each case can be deconstructed into the outlined design steps. The last

design step has been excluded from all case studies due to insufficient
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information regarding the robustness of the design process. The paper demon-

strates how a methodical approach can be applied to examine the TES design

and the integration. The design steps proposed in this study can serve as a

foundation for developing a more systematic approach for designing TES sys-

tems in future works, resulting in simplifying the design process.

KEYWORD S

systematic design methodology, thermal energy storage design

1 | INTRODUCTION

Buildings contribute to 32% of the total global final
energy consumption and 19% of all global greenhouse gas
(GHG) emissions.1 Most of this energy use and GHG
emissions are related to the operation of heating and
cooling systems,2 which play a vital role in buildings as
they maintain a satisfactory indoor climate for the occu-
pants. One way to mitigate the environmental footprint
of buildings is to integrate more renewable energy
sources into their heating and cooling systems. However,
renewable energy sources are often intermittent, creating
a time delay between energy production and demand.
For example, technologies like solar collectors exhibit
productivity primarily during daylight hours, coinciding
with the period of lowest domestic heating demand.

Thermal energy storage (TES) serves as a solution to
reconcile the disparity between the availability of renew-
able resources and the actual energy demand. TES is a
technology where thermal energy is stored by altering
the internal energy of a material. This stored energy can
then be utilized later for various heating and cooling pur-
poses.3 TES offers several benefits, including enhanced
overall efficiency and increased reliability when inte-
grated into an energy system. This integration results in

lower investment and operating costs, along with reduc-
tions in GHG emissions.4,5 As shown in Figure 1, TES
technologies are typically classified in three categories:
sensible, latent, and thermochemical.6

Sensible heat storage involves storing thermal energy
by altering the temperature of the storage medium. In a
latent heat storage system, heat is released or absorbed
during phase changes within the storage medium.
Finally, in thermochemical storage, thermal energy is
stored and retrieved through the reversible breaking and
reforming of molecular bonds in chemical reactions.3

Each TES technology comes with its own set of advan-
tages and disadvantages. While sensible TES is simple
and widely demonstrated, it is limited by its relatively
low energy storage density. On the other hand, thermo-
chemical TES can reach high energy storage density, but
this technology is still under development due to techni-
cal challenges.7

Extensive research is ongoing in the realm of TES for
buildings and numerous review articles already pub-
lished on the topic.8,9 Incorporating TES into building
systems can yield advantages such as enhanced energy
efficiency, a greater share of renewable energy utilization,
and reduction in peak loads. As shown in Figure 2, TES
in buildings can be classified into two primary categories:

FIGURE 1 Classification of

thermal storage technologies.6
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passive storage and active storage. Passive storage relies
solely on the temperature difference between the storage
system and its surroundings for charging and dischar-
ging. In contrast, active storage involves the assistance of
pumps or fans for the charging and discharging
processes.10

As shown in Figure 2, various technologies of TES
systems with different thermal properties can be utilized
in buildings. On the other hand, there are various types
of building requiring the integration of TES systems for
different purposes, for example, increasing energy effi-
ciency or reducing energy costs and GHG emissions.
Hence, an effective design of TES system, that is, choos-
ing a proper TES technology with a proper size which
meets the application-specific requirements can be a
complex and challenging task and it depends on several
factors. In a straightforward, conventional design, one
can determine the storage system's size based on the
worst-case scenario. However, this leads to an oversized
estimation of the needed capacity. Optimal design of TES
systems for various plants and processes using advanced
optimization techniques is a subject of many recent
research studies and has received considerable attention
in the literature.

The optimal design of TES can be categorized based
on the level at which the optimization occurs. Some of
the studies only focus on the optimization of the storage
design either at component level or at system level,
whereas other studies also consider the optimization of
the plant operation, where the storage system will be
integrated. Depending on the level of design, there are
different requirements that should be considered. For
instance, in a study of Kuravi et al,11 TES design consid-
erations for a solar power plant at different levels have
been reviewed. At the component level, the design
emphasis is on the basic components of the TES, whereas
at the system level, the integration of storage components
with other systems, for example, pumps, heat exchanger
(HEX) and control systems should be considered. The
plant level design focuses on the plant requirements, for
example, improving annual capacity factor of a solar
power plant. When the integration of the TES into a
plant is considered, the optimal design can be categorized
according to the application, whether it is a retrofit appli-
cation or a greenfield application.12 The former examines
the integration of the TES into a plant which already
exists, whereas the latter is about the design of TES in
parallel with the rest of the plant from the beginning of

FIGURE 2 Classification of TES in buildings.10 TES, thermal energy storage.
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the plant design. Depending on whether it is a retrofit or
a greenfield application, the optimal TES technology can
be different for that application. For instance, TES sys-
tems integrated into the building structure such as walls,
floors and ceilings might better fit with greenfield appli-
cations. Figure 3 shows a general classification of TES
design methodology.

Looking at the literature of the past 20 years, phase
change material (PCM) stands out as a widely used TES
technology tailored for various applications. For instance,
in a study back to 2004, a semi-empirical thermal model
was developed that can be integrated into a commercial
software package for design optimization of a hybrid heat
sink TES with a PCM unit.13 In recent studies, Li et al14

proposed a multiobjective optimization approach for
designing a PCM-based TES system, where the proposed
approach was illustrated for optimizing a heating system
for an outdoor swimming pool utilizing PCM storage. In
another example,15 where the emphasis is on system-
level design optimization, an experimental study was
conducted to explore the effects of inlet water tempera-
ture and flow rate on the design of a water-based active
PCM storage. Through a parametric study, Rucevskis
et al16 introduced an optimal design for a PCM storage
system that involves PCM units integrated with a capil-
lary pipe system. This design was proposed for the pur-
pose of space cooling in nearly zero-energy residential
buildings. The study showed the crucial parameters
influencing the cooling efficiency and energy consump-
tion of the system include the thickness of the PCM layer,
the quantity of parallel pipes, pipe diameter, duration of
night cooling, inlet temperature of the cooling water, and
water velocity. The study by Cui et al17 explored the opti-
mal design for an active cool PCM storage system inte-
grated with heating, ventilation, and air conditioning
systems. Employing a model-based design approach, this
study optimized the storage capacity to maximize the
cost-saving potential that can be achieved from peak load
management and participation in demand response pro-
grams. The optimization in a study of Maleki et al18

aimed to reduce the phase change time and maximize

the stored energy in a finned latent heat TES system,
where the design variables included the number of fins,
the volume fraction of fins, and the dimensionless fin
length within a Pareto optimal design scheme.

Integration of PCM with solar energy systems repre-
sents a promising approach for enhancing energy effi-
ciency, improving energy storage capacity, and advancing
the adoption of renewable energy technologies. Kalbande
et al19 evaluated a hybrid system using nano-enhanced
PCM with a parabolic dish solar collector to store solar
energy via PCM. Comparison with various nano-
enhanced PCMs and pure paraffin wax revealed higher
thermal conductivity and faster phase transformation in
the nano-enhanced PCM, where the CuO- multi-walled
carbon nanotube-based system demonstrated the greatest
latent heat storage capacity. The experimented hybrid
system exhibited a wide temperature range (60�C–-
180�C), suitable for space heating. Further design factors
included selecting materials for the parabolic dish collec-
tor and the thermal storage container in this study. In a
study of Kalbande et al,20 an oil-based TES system with
solar collectors was designed, in which PCM was filled in
the cavity of the oil-based thermal storage, aiming for
temperature ranges exceeding 200�C. The integrated sys-
tem used nitrate salt as a PCM to store latent heat and
aluminum oxide (Al2O3) and soybean oil nanofluid serv-
ing as a heat transfer fluid (HTF). Coupled with a para-
bolic trough solar collector, PCM achieved maximum
temperature of up to 220�C. Furthermore, PCM can be
used with photovoltaic (PV) panels to increase system
efficiency by regulating the temperature of PV panels. By
maintaining the PV panel temperature within an optimal
operating range, the efficiency of the solar cells can be
maximized, leading to increased energy production and
higher overall system efficiency. The research study by
Nandanwar et al21 investigated the use of PCM to
enhance the electrical conversion efficiency of PV mod-
ules by controlling their surface temperature. Among
four types of PCM-filled PV modules, calcium chloride
hexahydrate-filled PV system showed the highest perfor-
mance, that is, electrical efficiency improvement of 7.5%
at a tilt angle of 90�.

Another common TES technology designed for many
applications is the building-integrated TES systems, that
is utilizing thermally massive building materials, such as
masonry block walls or concrete slabs, either in a passive
or an active design. In a two-series publication,22,23 Bas-
tien and Athienitis conducted a comparison of various
design concepts for the passive incorporation of ther-
mally massive elements in buildings. They also intro-
duced a design methodology for determining the size of
such storage systems in solariums and greenhouses.
According to Bastien and Athienitis,22 identifying the

FIGURE 3 Classification of TES systems design. TES, thermal

energy storage.
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design objective is the most important factor that should
be considered in the first place when designing a passive
TES system. Depending on the design objective, different
materials and configurations can be appropriate, for
example, massive exterior wall or direct-gain/isolated-
gain space. In the initial phase of this study, various
design objectives were examined, including minimizing
indoor temperature fluctuations, decreasing energy con-
sumption for space heating and cooling, and postponing
the impact of peak solar gain. Subsequently, the study
identified the most suitable design concepts for isolated-
gain applications, considering factors such as the daily
average operative temperature swing, as well as the mini-
mum and maximum operative temperature. In the sec-
ond series,23 six distinct configurations of solariums were
simulated using frequency response and finite difference
thermal network modeling approaches. This investiga-
tion aimed to assess the influence of various design vari-
ables, such as the TES material or the variation in
thermal resistance of the insulation layer, on the desig-
nated design objectives. Following a comprehensive anal-
ysis of simulation results, a design methodology
consisting of 11 steps has been provided, together with
recommendations to adopt the appropriate size of TES in
different configurations and for satisfying different design
objectives. In another study,24 a design procedure has
been provided for the active building-integrated TES sys-
tems that is, when passive elements embody a mechani-
cal charging system such as hydronic systems for
exchanging heat with the storage media.

As seen, a wide range of TES technologies are avail-
able that can be integrated into a variety of thermal appli-
cations. Each TES technology has its own technical and
economic characteristics that make it more suitable for a
specific application. Identifying important factors and
then matching an application with the most appropriate
TES system is still a challenging issue. A group of papers
merely optimizes the thermal performance of TES sys-
tems.25-28 However, the requirements for TES systems
differ significantly depending on the chosen application.
As a result, it is crucial to devise design methods that
enable a TES system to meet the particular requirements
of a given thermal application. In this context, a second
group of papers optimizes the global performance of the
application in which the TES system is integrated.29-31

Nevertheless, a deep knowledge of the process under
analysis is required for the second group and they depend
on intricate simulations that are notably time-consuming.
On the other hand, the increasing advancement of
low-cost IoT devices and simulation tools together with
data analysis techniques is expected to make the process
modeling easier and faster at a reasonable cost and
remove the barriers for complex simulations in near
future. In addition, developing systematic assessment

procedures for TES systems integrated into various appli-
cations can contribute to furthering their widespread
implementation.12

Current barriers to commercial deployment of TES
systems involve the intricate design process that must
account for the peculiarities of both the TES system and
the application under consideration. Indeed, there is a
gap between the two approaches that should be filled by
fast and easy to apply methodologies capable of aligning
the thermal characteristics of a TES system with the
requirements of the thermal application. The primary
challenge is to create a set of methodologies to guide the
process from description of the thermal process to defin-
ing TES geometry based on the requirements and con-
straints of thermal application.32 Taking a broader view,
TES systems are a part of a wider group of flexibility
alternatives. Considering the growing number of factors
which are increasing system complexity, there is still
much room for the design of integrated energy systems,
along with the advancement of streamlined building/
district modeling tools and system optimization tech-
niques. For example, adopting systematic approaches is
essential to pinpoint the optimal combination of market
signals and infrastructure. In this way, commercial
models of TES operation as well as more efficient use
cases can be developed.33

There are few studies which deal with systematic
approaches in research studies regarding TES systems.
For instance, Gibb et al12 propose a systematic methodol-
ogy consisting of three specific steps for characterizing
and assessing TES systems in diverse applications. The
main step in the proposed methodology involves analyz-
ing the thermal process, which encompasses the struc-
tured gathering and examination of process data. In the
next step, it is crucial to define the system boundary,
delineating the interface between the fluid and the ther-
mal sinks/sources, along with specifying the technical
properties of the system. Finally, via determination of rel-
evant key performance indicators (KPIs), the advantages
that the TES system brings to the overall process are
investigated. Two case study power plants, a concentrat-
ing solar plant and a cogeneration one, were evaluated
using the proposed methodology in this research.

Particularly, when it comes to TES design, literature
review reveals a lack of systematic approach for design
and integration of TES systems into buildings. Consider-
ing different working principles of TES technologies, pro-
viding a systematic design approach that can be
applicable to a variety of technologies and applications is
not straightforward, however a consistent and systematic
design methodology is crucial to appropriately compare
technologies and design options. To our best knowledge,
the only study which addresses this topic is the study
conducted by Campos-Celador et al32 They propose a

RAHNAMA ET AL. 5 of 32
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general methodology divided into four steps for the
design of TES systems. During the first step, the thermal
process needs to be characterized by its nominal parame-
ters, such as the mass flow rate and temperature of the
HTF. In the second step, design parameters are clearly
defined. Likewise, a TES technology should be character-
ized in the third step that meets the specifications and
constraints imposed by the first two steps. The final step
is the determination of the TES design. The suggested
methodology was applied to a domestic micro-
cogeneration case study. As highlighted by the authors,
the straightforward methodology introduced in their
study can serve as a foundational step for the design of
TES systems in the early phases of a project. However, it
is recommended to conduct a more in-depth analysis,
especially concerning the interaction between the TES
and the application. Inspired by this research study, the
presented methodology by Campos-Celador et al32 is fur-
ther developed in the current research study and then
implemented on a few case studies. The present paper
differs from published research studies on TES design by
addressing a methodical approach for designing and inte-
grating TES systems into buildings. While a previous
study by Campos-Celador et al32 has contributed to this
area, they focus solely on system design parameters. Our
research builds upon the methodology proposed by
Campos-Celador et al32 by incorporating both system
design and integration parameters. The key contributions
of the present study include:

1. Proposing a methodical approach for the design of
TES systems which accounts for not only the system
design parameters, but also the integration parame-
ters. The proposed design methodology can serve as a
foundation for developing a more systematic TES
design and integration methodology.

2. Evaluating the proposed methodology with applying
the proposed steps on seven different prior design case
studies, all conducted by the authors.

The specific objective is to offer a more systematic
approach to TES design and integration, hence simplify-
ing the overall design process. The rest of this paper is
organized as follows. The proposed design methodology
is introduced in Section 2. In Section 3, the proposed
design methodology is adapted to seven different
already-designed TES systems. Finally, Section 4 is dis-
cussion and conclusion.

2 | METHODOLOGY

Figure 4 illustrates a flowchart of the suggested design
methodology, providing examples of options for each

step. The design methodology consists of the following
eight steps:

Step 1: Specification of thermal supply and demand.
Step 2: Specification of TES system parameters.
Step 3: Specification of storage characteristics.
Step 4: Specification of integration parameters.
Step 5: Specification of KPIs.
Step 6: Specification of optimization method.
Step 7: Specification of optimization tools.
Step 8: Specification of robustness.
A fundamental input to the design process is the

objective of design optimization. The choice of optimiza-
tion objective is an important consideration that can have
impact on the entire design process and the assessment
of the TES design. In retrofit applications, the focus is on
the requirements of an existing application, whereas
greenfield applications can emphasize on all the benefits
the storage can deliver to an application. Therefore, it
may be possible to well identify the objective of the opti-
mization in greenfield applications in advance, while this
can be possible after comprehensive analysis of the pro-
cess in retrofit applications.12 The choice of optimization
objective is important to identify the required inputs and
specify the relevant system design parameters. For
instance, for peak shaving design, collecting information
on thermal demand peak conditions is necessary when
the thermal process is characterized in the beginning of
the design process, or the reaction time of the TES system
is a relevant design parameter when the objective is to
optimize ancillary services provision for grid-interactive
TES systems.

Likewise, optimization objective is a decisive factor
for choosing the most appropriate TES technology, for
example, whether a passive or an active, a direct-contact
or an indirect contact TES technology should be
employed. Passive TES system can often be a choice
when the objective is maximization of the thermal com-
fort or minimization of energy demand, whereas active
TES can be more suitable for peak shaving objective. The
charging and discharging time of indirect TES systems is
generally slower when compared to direct TES systems.34

Therefore, one of these technologies can be more suitable
when the optimization objective implies some restrictions
on the charging and discharging rate, either directly at
the system-level optimization or indirectly at the
plant-level optimization. As another example, when over-
all cost optimization is among the objectives, direct TES
systems can be a better option in comparison to indirect
ones. Finally, KPIs are established, aligning with the opti-
mization objectives to evaluate the TES design and quan-
tifying the degree to which a particular optimization goal
is achieved.

Depending on the type of the application, whether it
is a greenfield or a retrofit application, some limitations

6 of 32 RAHNAMA ET AL.
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may be imposed on the design methodology that should
be defined beforehand. These limitations are considered
as constraints for the design optimization. Generally
speaking, retrofit applications are less flexible in terms of
design parameters compared to greenfield applications,
hence applying more constraints to the system design.
For instance, there may be limitations on the available
physical space for the storage system which can further
limit the options for the storage technology.

Once all the design constraints are determined, the
thermal process, including thermal supply and demand
should be characterized in the first step of the design
methodology. This step together with determination of
the constraints and the objective of optimization provide
the required inputs for the design procedure. Depending
on the application, inputs may be a fixed value or a vari-
able within a specific range, where the first group applies
hard constraints, while the latter may apply soft con-
straints to the system design. The design methodology for
a TES system is typically iterative in nature. The loop
arrow is shown in the diagram to indicate the iterative
procedure. The solution of the design optimization can
be iteratively refined by adjusting the variable inputs in
each iteration to optimize the relevant KPI. Typical out-
puts of the design process are the optimal TES size,
charging and discharging time, and TES technology that

can satisfy the application specific requirements. The fol-
lowing is the description of the design steps.

2.1 | Specification of the thermal supply
and demand

Inputs to the proposed design methodology are the
parameters which characterize the thermal process. To
characterize a thermal process, three variables related
to the HTF can be used: upper working temperature,
lower working temperature and mass flow. In normal
operation, the instantaneous values of such variables vary
over time, and they typically oscillate around some nomi-
nal design values. Therefore, the following three
nominal parameters, that is, nominal mass flow ( _m),
nominal lower temperature (Tlow), and nominal upper
temperature (Tup) can be used to characterize any ther-
mal process. These parameters, along with the thermo-
physical properties of the HTF, can influence the
selection of TES technology for a particular application.

In addition, in relation to interaction between the
TES system and the application, nominal generation and
demand should be given as input to the design methodol-
ogy. The thermal demand and resource availability
curves can be used to derive a few important parameters

FIGURE 4 Flowchart of TES design methodology. TES, thermal energy storage.
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for designing a TES system. The thermal demand and
resource availability curves are prone to fluctuate, either
seasonally or even on a day-to-day basis. For design pur-
poses, it is crucial to have a single set of curves illustrat-
ing the thermal demand and resource availability.
Designers can opt to utilize average conditions, reflecting
the nominal behavior of the process, or they may choose
to apply the most demanding conditions corresponding
to the peak conditions of the TES system. The decision
hinges on the integration objective behind the TES sys-
tem and has a substantial impact on the anticipated bene-
fits of TES integration.

2.2 | Specification of TES system
parameters

The crucial design parameters for the TES system
include:

• Charging time, indicating the available time duration
for charging.

• Discharging time, denoting the available time duration
for discharging.

• The storage capacity.

These design parameters can be extracted from the
thermal demand and supply curves obtained in step
1. Likewise, desirable charging and discharging thermal
power can be calculated using the above parameters.32

According to the goal of the optimization, other parame-
ters than above might be of interest that should be speci-
fied in this step. In Annex 30,35 technical parameters for
TES systems have been defined to facilitate comparison
across TES technologies and applications. For instance,
the minimum cycle length is defined as the shortest dura-
tion necessary for fully charging and discharging the sys-
tem under nominal conditions. Alternatively, the
response time is defined as the time interval between
the issuance of a discharge request and the point at
which the TES system attains its nominal power.

The design of heat storage systems is significantly
influenced by both the temporal data resolution and the
chosen evaluation timeframe. Temporal data resolution
refers to the frequency at which data is collected (eg,
minutely, hourly, monthly), while evaluation timeframe
indicates the duration over which system performance is
assessed (eg, a day, a month, a year). These factors impact
system analysis, design, and effectiveness. Higher tempo-
ral resolutions, such as minutely or hourly data, provide
detailed insights into fluctuations and patterns, enabling
precise modeling and control. However, they might result
in larger datasets and computational challenges. On the

other hand, lower temporal resolutions, like daily or
monthly data, offer broader views of trends but might
miss out on short-term variations.

The choice of evaluation timeframe also has critical
implications. Daily evaluations focus on short-term oper-
ational dynamics, while monthly evaluations capture
larger trends and seasonal changes. Annual evaluations
provide a comprehensive overview of system perfor-
mance across different conditions. The decision on evalu-
ation timeframe should align with the intended system
goals and characteristics. For instance, residential energy
storage might require daily evaluations to meet daily
demands, while utility-scale systems might prioritize
annual evaluations to accommodate seasonal variations.
Striking the right balance between data resolution and
evaluation timeframe is crucial for effective heat storage
system design and accurate performance assessment.

2.3 | Specification of storage
characteristics

TES systems are typically categorized based on the physi-
cal interaction between the storage medium and the
HTF. Following this classification, TES systems can be
divided into two main types: direct-contact TES systems
and indirect-contact TES systems. In direct-contact TES
systems, the HTF serves as the storage medium simulta-
neously. Conversely, indirect-contact TES systems incor-
porate a container or HEX that separates the storage
medium from the HTF. One of the most common types
of direct-contact TES is sensible heat TES, which employs
water as the HTF, resembling the operational principle of
storage tanks. In this scenario, the quantity of heat stored
is contingent on factors such as the amount of storage
material, the specific heat of the medium, and the tem-
perature difference between the upper and lower nomi-
nal temperatures. The charging and discharging time
corresponds to the duration required to fill or empty the
tank's volume. Typically, a correction factor is introduced
to account for the mixing effect.

In indirect-contact TES systems, the heat transfer
relies on thermal processes occurring between the storage
medium and the HTF. This contrasts with direct-contact
TES, where heat transfer is based on mass transfer. The
capacity of indirect-contact TES technology is typically
characterized by the mean enthalpy variation of the stor-
age medium, considering the sensible effect of the com-
ponents involved in the thermal process. The time
required for storing and releasing the heat in indirect-
contact TES can be defined as a function of various oper-
ating parameters and design characteristics, including
mass flow rate, nominal temperatures, and geometry.
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Alternatively, some approaches in the literature intro-
duce the concept of dimensionless time.

Direct-contact TES systems are generally cheaper and
simpler in design as they involve fewer components.
However, the choice of suitable materials for direct stor-
age can be limited by factors such as stability and thermal
properties. Indirect TES can be integrated with existing
systems more easily, as the HTF can be chosen to match
the requirements of the specific application. On the other
hand, they tend to be more complex in design due to the
need for additional components such as HEXs.

2.4 | Specification of integration
parameters

Along with the design parameters, there are parameters
associated with the incorporation of a TES system within
the thermal process. For instance, spatial parameters
such as available volume or available area address oppor-
tunities or problems regarding existing space, distances
between process parts, obstacles, and available infrastruc-
ture. Moreover, the configuration of the TES system
boundary is crucial in assessing TES integration. This
boundary is defined as the interface between the thermal
sink, thermal source, and the fluid streams. It encom-
passes all components, including HEXs, necessary for
connecting the TES system to the overall process.

2.5 | Specification of KPIs

KPIs are measurable metrics used to assess the degree of
success in achieving a particular optimization objective.
A literature study reveals different categorizations of
KPIs related to TES systems, for example, based on TES
technology, that is, sensible, latent, or thermochemical36

or based on assessment criteria, that is, technical, eco-
nomic, or environmental KPIs.37 Depending on the objec-
tive of optimization, KPIs can be defined at different
technical levels, for example, component level, system
level or plant level for TES integration.

Given the diverse range of applications for which TES
systems can be integrated, the flexibility in defining KPIs
is a crucial aspect. In this regard, Giacone and Mancò
explored the need for a clear and systematic framework
to identify the most pertinent KPIs for the integration of
TES systems.38 The identified KPIs can address a variety
of criteria including energy efficiency, thermal comfort,
reliability, cost, sustainability, and flexibility. Usually
there is more than one KPI that should be optimized.
Since these objectives are generally in conflict with each
other, different technologies and configurations might be

exploited. When designers are faced with such multiob-
jective optimization problems, a weighted average of
KPIs is optimized as an objective function in some cases.
However, previous knowledge of the system is required
to select the weights. Also, tuning the weights is time-
consuming. As a result, in some other studies, the Pareto
approach, which results in a set of non-dominated solu-
tions known as the Pareto frontier, is employed.

2.6 | Specification of optimization
method

If the constraints and objective function of an optimiza-
tion problem are a linear function of decision variables, it
is called linear programing. Otherwise, the problem is
called nonlinear programming. Mixed-integer linear pro-
graming is applied when there are binary or integer deci-
sion variables such as the status (on/off) of an
equipment. Conventional deterministic gradient-based
optimization methods, such as Newton, Quasi-Newton,
and Steepest Descent, prove effective only for convex and
smooth problems. Therefore, stochastic metaheuristic
algorithms like Genetic Algorithm (GA) and Particle
Swarm Optimization (PSO), which are population-based,
are considered more efficient.

2.7 | Specification of optimization tools

Optimization tools can be categorized into two primary
groups: stand-alone optimization packages and
simulation-based optimization tools. Frequently men-
tioned stand-alone optimization packages in the litera-
ture include MATLAB, GenOpt, Topgui and
modeFrontier. The two simulation-based optimization
tools often mentioned in literature, aiming to integrate
both optimization and simulation techniques, are Opt-
E-Plus and BeOpt.

2.8 | Specification of robustness

It is essential to test the robustness of the system design
to ensure its feasibility in real-word conditions, where
the system is subject to uncertainties and disturbances.
There are different tools and techniques for this purpose.
For instance, sensitivity analysis is a widely recognized
technique where the sensitivity function is computed as
the ratio of the relative change in the output to the rela-
tive change in the input. This function is subsequently
utilized to determine the impact of alterations in input
parameters on the output of the system design. Another
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well-known technique is the Monte Carlo simulation, in
which the output of the system design is simulated given
a range of random input variables to identify the proba-
bility of different outputs in a system design.

3 | CASE STUDIES

This section explains the design procedure of seven dif-
ferent already-designed TES systems based on the pro-
posed design steps introduced in Section 2. No
information was available regarding the robustness of the
design; hence step 8 of the design procedure was omitted
in all explanations.

3.1 | Earthbag-PCM integrated walls for
temporary housings

Earthbag temporary housings are a viable solution to
quickly accommodate a massive number of relocated
people due to natural disasters, coercive movements,
civil wars, insurgency, and so forth. These houses,
nonetheless, face a poor indoor condition, especially in
regions with harsh climatic conditions. To enhance
their indoor condition, thus, the integration of PCM to
the earthbag units is proposed as a potential technique.
Hence, this study reports the development, modeling,
and optimization of earthbag units for such applica-
tions. In this study, 24 earthbag unit blocks were fabri-
cated to construct an earthbag test wall while each unit
has a mixture of 30% clay and 70% well-graded soil
sand.39 The soil and the microencapsulated PCM (iner-
tek26) and PCM composited were mixed at 2.2% of the
composition of the entire unit block mixture. Water
was added to the mixture up to the point where 10%
moisture was achieved.40

• Step 1: To assess the behavior of PCM in an earthbag-
building model, three identical real wall-scale proto-
types were built, including Wall 1 (baseline) without
PCM, Wall 2 with PCM encapsulated in expanded
graphite and perlite (WA31) and Wall 3 with powdered
PCM (WInk26). As shown in Figure 5, the prototype
walls were then positioned within a climate-controlled
thermal chamber to replicate the conditions of an
indoor space in an earthbag building. The climate
chamber was programmed to replicate summer cli-
matic conditions in Kano, Nigeria. Additionally, k-type
thermocouples (with a precision of 0.05�C) were situ-
ated on both the inner and outer surfaces of the test
wall, and two heat flux sensors were installed on the
wall to measure heat flow rates. Figure 5 displays a 3D

sketch of the wall used for the simulation to validate
the experimental work. The selection process took into
account the comfort zone of Kano state, the designated
region for the experiment, which was identified as
ranging from 23�C to 32�C.41

• Step 2: A viable charging is the time at which the
PCM is converted from solid to liquid when observing
the energy during daylight with at least 70% of the day-
light hours before completely converted to liquid and
discharging is the time at which the PMC is converted
from liquid to solid by releasing the stored energy with
at least 70% of the night hours before completely con-
verted into solid. This scenario can allow a complete
phase change cycle within 24 hours of a day.

• Step 3: In a hot climate such as Nigeria, the PCM with
a higher transition temperature option is preferable to
reduce high temperatures.42 The microencapsulated
PCM and formed PCM composite had a phase transi-
tion temperature of 26�C and 31�C, respectively. The
chosen PCM's heat storage capacities were 182 and
215 kJ=kg for A31 and Inertek26.

• Step 4: To meet the desired requirements for designing
PCM-Earthbag walls, five parameters were considered,
as presented in Table 1, such as the type and quantity
of PCM material used, the size and shape of the bags,
the wall dimensions, and the thickness of the insula-
tion materials.

• Step 5: In this investigation, two principal perfor-
mance measures were considered, including (1) the
inner surface temperature reduction and (2) the viable
PCM charging and discharging duration. The goal was
to maximize the thermal comfort resulted from the
earthbag unit walls.

• Step 6: In this study, GA is employed to optimize the
average inner surface temperature of the earthbag
building model. The objective is to determine the mini-
mum average surface wall temperature that ensures
the indoor environment of the earthbag model remains
within the thermal comfort zone of Kano state, Nigeria
(the chosen state for the experiment). The parameters
considered include the earthbag wall thickness (EGT),
building orientation (BO), PCM layer thickness (PLT).
Hence, in order to enhance the efficiency of the
earthbag-PCM units, a total of 230 distinct sets of sim-
ulation inputs were generated, encompassing varia-
tions in the independent operating variables. The
resulting outputs from each simulation, specifically
the average inner surface temperature, were utilized
for a multivariable regression analysis.

• Step 7: In this study, the analysis of variance
(ANOVA) equation developed through Excel data
analysis serves as the objective function for GA optimi-
zation in MATLAB software. After establishing the
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correlation between the independent variables, as
explained earlier, GA is employed for optimization due
to its effectiveness in addressing multivariable optimi-
zation problems. The objective is to minimize the vari-
able “Average Inner surface temperature.” Constraints
related to the problem are imposed, with lower and
upper limits for each variable provided in Table 2. GA
parameters utilized in the optimization model are
detailed in Table 3. Following this, the GA program is
executed with the specified parameters and variable
constraints. The optimized values of the variables are
then extracted and presented in Table 4. Once the opti-
mization was done with the GA as outlined, the opti-
mized values listed in Table 4 were utilized to perform

the final simulation with the EnergyPlus model. This
simulation was then compared to the parametric anal-
ysis of the original design.

FIGURE 5 (Top) Physical arrangement of test wall prototype.

TABLE 1 Parameters and their properties.

Component
Thickness
(m)

Area

m2ð Þ
Number of
block/walls

Quantity
kgð Þ

Conductivity
W=m:Kð Þ

Density
(kg/m3)

Specific
heat (J=kg:K)

Earthbag block 0.25 0.08 10 — — — —

Earthbag wall 0.25 0.64 — — — — —

A31 0.03 — — 2.2%w of EB* 0.2 680 2220

Inertek26 0.03 — — 2.2%w of EB* 0.21 790 1071

Floor (EPS
expanded
perlite)

0.075 — — — 1.15 1900 950

Slab (EPS
expanded
perlite)

0.075 — — — 1.9 2300 1650

*Means 2.2% of total quantities of materials used in a single bag of earthbag unit block.

TABLE 2 Variable Bound for the key building design

parameters.

S/
N Variables Bound

1 Earthbag wall thickness
(EGT)

200 mm ≤ EGT ≤ 450 mm

2 Building orientation(BO) 0� ≤ BO ≤ 90�

3 Phase change material layer
thickness (PLT)

10 mm ≤ PLT ≤ 70 mm

RAHNAMA ET AL. 11 of 32
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3.1.1 | Results and conclusion on case
study 3.1

The study's findings as shown in Table 5 demonstrate
that introducing PCM into earthbag walls can lower
surface temperatures by up to 1.92�C and 2.50�C for
WA31 and WInk26, respectively. However, WInk26
with Inertek26 PCM proves ineffective due to surface
temperatures consistently exceeding the PCM's melting
point during the day, hampering charging and dischar-
ging cycles. On the other hand, A31 PCM exhibits a
more favorable temperature profile, with a 19-hour
charging and 3-hour discharging cycle, leading to its
selection for further analysis. Parametric examination
reveals that a 6 cm PCM layer with 16 hours of charg-
ing and 8 hours of discharging lowers the inner surface
temperature of WA31 by 3.1�C. Interestingly, the opti-
mized model suggests that optimal thermal comfort
results can be achieved with just a 1-cm PCM layer.
This optimized approach reduces the inner surface tem-
perature by 5.82�C, demonstrating desirable outcomes

for a 13-hour charging and 11-hour discharging cycle as
shown in Table 6.

3.2 | The feasibility study and design
optimization of a solar-assisted geothermal
heat pump system for a real restaurant
building in a mountain site

The system includes six thermal storages (see Figure 6 for
its initial design configuration): three on the use-side
storages (low temperature, high temperature, domestic
hot water [DHW]) and three on the source-side storages
(integration hot storage, Exhaust DHW storage, Ground
for geothermal field). The design activity discussed here
focuses on the three source-side storages, taking into
account the overall seasonal demand for thermal energy
determined through the dynamic simulation of the cali-
brated building model. The objective is to determine the
optimal integration of these components to raise the tem-
perature on the source side of the heat pump (HP) and
enhance its coefficient of performance.43

• Step 1: Regarding the characterization of the thermal
process, mass flow rates of the water acting as HTF
were already fixed in the initial design considering the
available circulating pumps of the different loops and
the nominal flow rates expected at the source side of
the HP. However, considering the unpredictable
nature of the various heat sources supplying the differ-
ent loops (exhaust DHW depends on the building use
and the solar source is subject to weather conditions),

TABLE 3 Genetic Algorithm (GA) parameters for the present

model.

S/N GA parameters Value

1 Population size 50

2 Number of iterations 100

3 Number of bits per variable 8

4 Crossover probability 0.8

5 Mutation probability 0.05

TABLE 6 Optimized result for

inner surface temperature reduction

and charging and discharging.

Earthbag wall Temperature reduction (�C) Charging (h) Discharging (h)

WA31_1 cm layer 5.82 13 11

TABLE 5 Inner surface temperature reduction and charging and discharging results before optimization.

Earthbag wall Temperature reduction (�C) Charging (h) Discharging (h)

WInk26_3 cm layer 1.92 24 0

WA31_3 cm layer 2.50 19 3

WA31_6 cm layer 3.1 16 8

TABLE 4 Designed model and optimized values of the variable after analysis with GA and parametric analysis.

S/N Variables Designed model Parametric analysis Optimized value (GA)

1 Earthbag wall thickness (mm) 250 250 450

2 Building orientation (�) 0 90

3 PCM layer thickness (mm) 30 10-70 10

Abbreviations: GA, Genetic Algorithm; PCM, phase change material.
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the upper and lower working temperatures were not
considered as inputs. Instead, they were treated as out-
puts of the design optimization activity. The appropri-
ate constraints were set through control logics to
ensure the automatic shutoff of a loop when tempera-
ture levels were too low to provide a positive contribu-
tion. The storage design in this case study relies on
detailed thermal demand and resource availability
curves derived from a detailed dynamic simulation cal-
ibrated on real monitored weather data at the building
site. Rather than focusing on peak or average condi-
tions, the design approach aims at exploiting such
detailed dynamics looking for the TES optimal sizing
and system integration that optimizes the seasonal per-
formance of the overall system

• Step 2: Coherently with the characterization of the
thermal process, the design parameters including
the discharging as well as charging time, along with
the related thermal power and storage capacity, were
not fixed but were allowed to vary in relation to the
variation of optimization parameters.

• Step 3: The project constraints dictated the specific
storage technology to be employed in the system. One
is the ground field, an indirect-contact TES that relates
its storage capacity to the number and depth of bore-
holes, being the ground the storage medium and a
water-glycole mix the HTF. The “gray water storage” is
an underground water tank that is used as indirect-
contact TES to store the heat recovered from exhaust

DHW coming from the use-side, therefore relating its
storage performance to its volume and the sizing of the
HEX between the exhaust DHW (the storage medium)
and the water circulating in the exchanger serpentine.
The “integration hot storage” is a water tank storage
acting as an indirect contact TES to integrate and store
the heat coming from the three source loops (ground,
solar, and gray water—if and when heat is available,
with accurate controls). It is done by means of proper
sizing of the storage itself and of the HEXs. For the
two water tanks, water serves as the storage medium,
and the HTF consists of water mixed with 40% glycol.

• Step 4: In this study, integration parameters were
specified as optimization parameters, defined with a
Min-Max variation range and discrete steps for varia-
tion in the range (Table 7). Regarding spatial integra-
tion parameters, the Min and Max volume of both
Integration storage and DHW storages were set accord-
ing to available space for installation of the tanks and
the solar field, also considering detailed constraints
regarding the min and max possible ratio between
shows the optimal the water storage volume and the
solar field (expressed in l/m2). Also, the dimension of
the ground storage, generated by the number and the
depth of boreholes, was set according to available
space for drilling in the project site. Regarding the TES
system boundary parameters, the surfaces of the differ-
ent HEX serpentines as points of contact between the
different loops and the storages were used as design

FIGURE 6 Schematics of demand side and supply side loops of the system.
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parameters, given fixed flow rates of fluids circulating
in the different loops.

• Step 5: According to the objective of the study, the
defined KPIs refers to the system's comprehensive
energy efficiency and cost-effectiveness. The cost-
related KPI involves the total cost of the system over
its estimated lifecycle (30 years), adhering to the for-
mulation outlined in Standard EN 15459 for the eco-
nomic evaluation of energy systems in buildings:

CG τ,Pð Þ¼CIþ
X
J

Xτ

i¼1

Ca,i jð Þ�Rd ið Þð Þ�Vf ,τ jð Þ
" #

€½ �,

ð1Þ
where CG τ,Pð Þ signifies the overall cost in relation to the
initial year τ0, considering a calculation period of τ years
and the specified set of parameters P, CI denotes the ini-
tial investment cost, Ca,i jð Þ represents the yearly cost for
system component j at the year i (encompassing opera-
tional energy costs as well as expenses for routine or
unexpected maintenance), Vf ,τ jð Þ is the final value of
component j at the end of the period τ and Rd ið Þ is the
discount rate applicable for year i.

The other KPI is the seasonal performance factor (SPF)
of the system, which is defined, as applied in multipurpose
systems,44 as the ratio of the total useful energy output to
the overall energy expenditure of a system as follows:

SPFSAGHP ¼QhþQvþQDHW

Eel,HPþEel,aux
�½ �, ð2Þ

where Qh, Qv and QDHW are the useful energy outputs for
ventilation, space heating and DHW, while Eel,HP and
Eel,aux are the electrical energy inputs for the HP

operation and the auxiliary systems (circulation
pumps).

Considering these two objectives, the final KPI driv-
ing the optimization was defined as a multiobjective opti-
mization function, expressed as follows:

MOFSAGHP ¼w1
CG�CG,min

CG,max �CG,min
þw2

SPF�SPFmax

SPFmin �SPFmax
�½ �,

ð3Þ

where MOFSAGHP � 0,1½ � and weights w1 and w2 were ini-
tially set to 0.5. After running single-objective optimiza-
tion for both minimizing and maximizing the two
objectives as inputs for Equation (3), the weights could
be adjusted according to the investors' preference.

• Steps 6: To achieve the design objectives, a method
employing simulation-based optimization was utilized.
Given the discrete design space and the non-linearity of
objective functions, the optimization runs were driven by
the metaheuristic population-based PSO algorithm,
selected in its binary version to deal with a discrete design
space. The settings for PSO parameters were defined
according to preliminary studies devoted to optimization of
the algorithm performance in solving similar problems.45

• Steps 7: GenOpt software was used as optimization
tool, with a tailored coupling to the detailed system
dynamic model made in TRNSYS.

3.2.1 | Results and discussion on case
study 3.2

From the system efficiency point of view, it is shown that
the maximum attainable enhancement of the SPF

TABLE 7 Optimization parameters.

Name Optimization parameter description Unit Min Max
Step
size

Spatial integration parameters Ncoll Number of solar thermal collectors (�) 2 30 2

Nbor Number of geothermal boreholes (�) 2 10 2

Dbor Depth of boreholes (m) 50 350 25

STVint Volume of the Integration storage per solar
collectors' area

(l/m2) 40 100 10

STVgw Volume of the gray water storage (l) 2000 8000 1000

TES system boundary
parameters

Ssol Surface of the solar heat exchanger serpentine in
the integration storage

(m2) 2.0 4.0 0.5

Sgw,
int

Surface of the gray water heat exchanger serpentine
in the integration storage

(m2) 3.0 7.0 0.5

Sgw Surface of the heat exchanger serpentine in the
gray water storage

(m2) 3.0 9.0 1

Abbreviation: TES, thermal energy storage.
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compared to the initial design is approximately 6%. How-
ever, this improvement comes with a potential substan-
tial rise in the overall cost (+250%), primarily due to the
high investment cost of boreholes. The adopted multiob-
jective optimization approach allowed identifying a solu-
tion that leads to nearly optimal SPF but significant
containment of global cost (�34%), coherently with the
investor's objective of maximizing the overall efficiency
of the system with a view on global cost over the system
lifecycle. In details, the higher cost-effectiveness resulted
in the solar loop, whose size is maximized, while the heat
recovery from exhausted DHW turned out to be less than
anticipated, resulting in a reduction of its storage capac-
ity. The planned number of boreholes resulted to be
enough to increase the temperature level of the main
loop by up to 5�C without causing unsustainable increase
of global cost but, in order to avoid degradation of storage
capacity of the ground field (resulting from multiyearly
simulations of the overall system), in the summer period
the solar system must be used for recharging the ground
field.

3.3 | Macro-encapsulated ceiling panel
with embedded pipes for water circulation

An active TES configuration similar to thermally active
building systems (TABS) oriented to all new and retrofit
building types was investigated at the Technical Univer-
sity of Denmark (DTU).46 The PCM was macro-
encapsulated in a ceiling panel with embedded pipes for
water circulation, referred to as macro-encapsulated ceil-
ing panel (MEP). The MEP, its operation, and water cir-
cuit are shown in Figure 7. Its construction ensured a
direct contact between the PCM and the pipe profile. The
MEP was designed to condition the indoor space during
occupancy by absorbing the cooling load (passive opera-
tion). Active water circulation followed a rule-based con-
trol as a function of the operative temperature (top)
during unoccupied hours, 18:00 to 08:00, discharging the
PCM. However, the MEP could work as a radiant panel if
needed during peak cooling loads. The piping structure
was based on a commercially available product.

• Step 1: Water, that is, the HTF, is circulated through
the pipes embedded in the PCM. Due to the MEP's con-
figuration, the nominal mass flow rate was determined
according to the TABS design procedure of ISO
11855-2:2015 and 11 855-3:2015.46,47 The determined
value relied on the specific heat capacity during the
phase change, 242 Wh/m2. The minimum and maxi-
mum water mass flow rates were 90 and 220 kg/h,
respectively, to ensure a turbulent flow while avoiding

noise.47 The nominal upper temperature (Tup) of the
water was selected according to the freezing tempera-
ture of the PCM, 21�C. The nominal lower temperature
(Tlow) should be selected to avoid any risk of condensa-
tion.46,47 The total specific heat capacity of the panel
was approximately 242 Wh/m2 within the melting
range.46 The heat capacity of a single panel was
�87 Wh,46 with a total of 4144 Wh for the 48 panels
included in the climatic chamber (Figure 7). This was
because of the maximum usable ceiling coverage in the
climatic chamber, which was �70% of the total floor
area. Additionally, the volume of PCM per panel was
limited by the load-bearing capacity of the suspended
ceiling, aiming to prevent any potential leakage.46

• Step 2: The charging time represented the total occu-
pancy time, 10 hours (from 08:00 to 18:00), since the
cooling load was almost equal to the total heat capacity
of the PCM ceiling. The discharge time could take
place over the entire unoccupied period, which was
14 hours during the experiments (from 18:00 to
08:00).46 For a supply water temperature of 20�C, the
discharge time was 11 hours with the design water
flow rate of 140 kg/h and approximately 7 hours with
the maximum water flow rate of 220 kg/h. For a sup-
ply temperature of 18�C and a design water flow rate
of 128 kg/h the discharge time was reduced to
6 hours.47 Thus, the required time duration for the
storage and release of heat can be determined as a
function of the operational parameters and design fea-
tures, specifically the cooling load, mass flow rate, and
supply/return temperatures.

• Step 3: The MEP represents an indirect-contact TES
prototype. The latent heat storage material was a solid-
liquid PCM, paraffin, with a peak melting temperature
of 24�C and a phase change range between 21�C and
25�C. The selection of the PCM was made in accor-
dance with the specified comfort limits, 20�C and
26�C.46,47

• Step 4: The MEP was designed as a ceiling panel with
0.6 � 0.6 � 0.03 m3 (W � L � H) dimensions, being
easily integrated in regular suspended ceiling openings
in Europe. Due to its design, radiant ceiling panels
with PCM, the thermal storage is located next to the
demand, that is, in the occupied space. With a PCM
thickness of 0.01, the volume of material per panel was
3.6 dm3 (�3 kg per panel). Therefore, the maximum
number of panels can be selected as a function of the
cooling demand and the available ceiling area, for
example, total minus the area required for lighting fix-
ture, fire safety, and ventilation diffusers. In the cli-
matic chamber, the panels were connected to a HEX
through a closed loop. At the other end, the HEX was
connected to a chiller (cooling source).
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• Step 5: The MEP was assessed in terms of energy effi-
ciency, cost, thermal comfort, and flexibility. In terms
of energy, the KPIs used were the specific cooling
power during passive charging and active discharging
and the primary energy use. Thermal comfort was
assessed based on the indoor temperature range (eg,
operative temperature) and temperature stratification
(vertical temperature difference). For flexibility, the
MEP's cooling load shifting ability but also supply
water temperature range were investigated. Both
global cost and payback period were used as KPIs for
the economic analysis.

• Step 6: A parametric analysis was conducted for a
building simulation model equipped with PCM panels
to analyze the discharge method and to enhance the
control and operation of the system. An optimization
of different operating conditions and panel properties
on the discharge of PCM ceiling panels was made.47,48

Both water circulation and ventilation were investi-
gated as discharge methods. The parameters
investigated were the thermal conductivity of the
PCM, air flow rate (night ventilation), water flow rate,
water circulation schedule, and water supply tempera-
ture.48 The supply water temperature and flow rate
were further analyzed in the climatic chamber.46,47

• Step 7: The MEP was investigated in climatic chamber
experiments46 and building performance simulations
in TRNSYS.48,49

3.3.1 | Results and discussion on case
study 3.3

The panel registered during the experiments a specific
cooling power between 5 and 28 W/m2, with 11 W/m2 on
average during passive charging, that is, during occu-
pancy. The thermal environment was maintained for 83%
of the occupied time in category II of EN 16798-1:2019.50

The temperature stratification was within the category A
of ISO 7730 limits, with a temperature difference between
head and ankles (1.1 and 0.1 m, respectively) of a seated
occupant lower than 2 K.46 The tests confirmed the
MEP's load shifting ability, demonstrating its capacity to
shift the cooling load from occupied to off-peak (unoccu-
pied) hours.46 Moreover, the panel presented high flexi-
bility during discharge due to the wide range of water
supply temperatures, 15�C to 21�C. This characteristic
renders it compatible with a diverse range of renewable
energy sources.46,48

A building simulation analysis of a recently renovated
room at DTU compared the PCM ceiling panel to a TABS
and all-air system in terms of energy, cost, and thermal
comfort. The thermal environment and primary energy
use were similar to TABS. The thermal environment was
slightly worse than in the experiments, however with
operative temperatures within 22�C and 27�C for more
than 90% of the occupied time. The PCM ceiling panel
registered a primary energy use similar to TABS,

FIGURE 7 MEP panel operation principle.46 MEP, macro-encapsulated ceiling panel; Top, operative temperature.
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16 kWh/m2, 18% lower than the all-air system for the
cooling season of Copenhagen, Denmark.49 Additionally,
both PCM and TABS registered a 30% reduction in the
peak cooling power compared to the all-air system.49

From a cost perspective, the global cost and payback
period were calculated and compared to the results
obtained from a TABS and an all-air system. In its cur-
rent state it was determined that the MEPs were only
slightly pricier than the all-air system under high cooling
loads with a 20-year payback period, whereas TABS
exhibited the lowest cost.51

With respect to discharging method, results showed
that water circulation was a better discharging method
than night ventilation since it increased the solidification
percentage of the PCM. Enhancements in heat conductiv-
ity, extended water circulation operation time, and
reduced supply water temperature contributed to the
improved indoor thermal environment.47 The increase in
flow rate also benefitted the thermal environment as long
as the water flow regime was turbulent, however, having
a smaller effect than the other parameters analyzed.47

When investigating the control strategy, it was deter-
mined that a control dependent on the operative temper-
ature to reduce overcooling would benefit the thermal
environment.47,48

3.4 | Sizing-designing approach for
adiabatic-compressed air energy storage
system toward self-sufficient building

In a conventional compressed air energy storage (CAES)
system, known as diabatic-CAES (D-CAES), the thermal
energy is lost during the compression process while the
heat required for the expansion process is supplied by
burning fossil fuel, particularly natural gas.52 Adopting
TES is a successful way to improve the D-CAES system
efficiency while mitigating carbon emissions (CEs). Con-
sequently, the second generation of CAES technology
called adiabatic-CAES (A-CAES) emerged. In the
A-CAES system, the produced heat during compression
phase is captured and stored within a TES system and
reused to heat the high-pressure air prior to the expan-
sion phase. Hence, the A-CAES system can obtain up to
70% system efficiency while achieving a zero-emission
system (no need to burn fossil fuels).53 Figure 8 illustrates
an A-CAES in an integrated energy system. As shown,
the A-CAES system can contribute to the electricity, heat-
ing, and cooling network. Recently, Bazdar et al54 studied
the effect of a low-temperature double hot/cold tank TES
system capacity on the performance of a grid-connected
with a PV/ A-CAES system designed to meet the demand
of an educational building located in Montreal-Canada.

They proposed a sizing-designing methodology based on
the long-term transient operation of an A-CAES system
within an integrated energy system to meet the
application-specific requirements considering techno-
economic and environmental aspects.55

• Step 1: The hot and cold tank temperatures (Tup and
Tlow) are set at 120�C and 25�C, respectively. While
undergoing the charging phase, the heat generated in
the compression stage is removed from high-
temperature compressed air by HTF (eg, water) from
the cold tank while passing through the cooling HEXs
with an effectiveness of 95%. Then, thermal energy in
the form of high-temperature HTF is stored in the hot
tank and reused for heating the high-pressure air
released from the air storage tank (at 25�C) before the
expansion process (with an inlet temperature of 100�C)
during the discharging phase. Figure 9 presents flow-
charts of the proposed optimal design approach for an
A-CAES integrated with TES and renewable energy
systems. This strategy can be applied to different
renewable energy resources, hybrid energy systems in
different modes (eg, grid-connected, off-grid,
stand-alone) and for various applications (eg, building,
district, rural area, urban area, etc.). The TES-related
outcomes is expected to be an optimum capacity and
charging/discharging time for the TES corresponding
to the size of solar power generation, CAES compo-
nents (eg, compressor/turbine train, air storage tank),
and building load demand. In this study, the building
has an average hourly electricity demand of 645 kWh.

• Step 2: For the studied building to achieve a maximum
50% self-sufficiency, a 570 kW A-CAES system, includ-
ing TES with a capacity of 3000 kWh (27 m3) and
charging (tc)/discharging (td) time of 5.12/3.78 hours,
is needed.

• Step 3: The regenerative heat system includes two
groups of cooling/heating counter-current HEXs and a
direct-contact sensible TES with double hot and cold-
water tanks.

• Step 4: A maximum of 12 961 PV panels (300 W each)
can be installed based on the available rooftop area of
the case study.

• Step 5: Depending on the user requirement and the
system mode, various KPIs could be defined concern-
ing the technical (eg, reliability, self-sufficiency, self-
consumption, etc.), economical (eg, net present cost,
cost of energy, profit, etc.), and environmental factors
(eg, CE). To examine how the inclusion of the TES sys-
tem in CAES influences the optimal configuration, and
the KPIs, two scenarios corresponding to the different
CAES configurations, such as D-CAES (with combus-
tion chamber) and A-CAES (with TES), were
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investigated. Table 8 shows the optimal configurations
and KPIs of proposed systems designed for electrifica-
tion of one of the high-energy intensive buildings of
Concordia university located in downtown of
Montreal-Canada with an average hourly electricity
demand of 645 kWh.

• Step 6: Given the economic model of each compo-
nent in the integrated energy system along with the
system's analytical model as a function of decision

variables (components' design parameters), a mixed-
integer nonlinear programming optimization problem
can be formulated. The optimization problem aims to
minimize the levelized cost of energy (LCOE) while
achieving maximum building self-sufficiency ratio
(SSR). The PSO method (with #20 particles and #100
iterations) was applied to solve the optimization
problem for annual system operation with a 1-hour
resolution.

FIGURE 8 A-CAES with TES in the integrated energy system. A-CAES, adiabatic-compressed air energy storage; TES, thermal energy

storage.

FIGURE 9 The designing flowchart for integrated energy systems, including renewables and A-CAES with TES. A-CAES, adiabatic-

compressed air energy storage; TES, thermal energy storage.

18 of 32 RAHNAMA ET AL.

 25784862, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/est2.600 by D

anish T
echnical K

now
ledge, W

iley O
nline L

ibrary on [14/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



• Step 7: The simulation-optimization model was imple-
mented in MATLAB software (version R2022a) run-
ning on an Intel Core i7-7500U CPU @ 2.7 GHz.

3.4.1 | Results and discussion on case
study 3.4

As shown in Table 8, although PV/D-CAES has less
LCOE of 0.076 $/kWh compared to 0.084 $/kWh for the
PV/A-CAES system, thermal energy generated during
the compression process recovered by around 94% in
A-CAES leading to a zero-emission hybrid system com-
pared to the PV/D-CAES with 161 t/year CE. Figure 10
shows the 1-year operation of TES in the studied hybrid
PV/A-CAES system.

3.5 | Utilization of latent heat thermal
energy storage (LHTES) integrated with
geothermal energy system in underground
engineering

TES systems utilizing PCMs are employed for peak load
shifting in buildings. Enhancing the system's perfor-
mance can be effectively achieved by burying it in the
soil, capitalizing on the soil's high thermal inertia. In
this case, Zeng et al56 first proposed a model for an
underground water tank incorporating PCM panels as
thermal accumulators for a HP system. The buried
water-PCM tank functions as a TES system coupled
with a ground source HP (GSHP) for load shifting
within an underground shelter. The thermal inertia of
the geothermal energy is harnessed to maintain the
PCM in a solid state initially and subsequently to natu-
rally cool the tank once the PCM undergoes melting.
The fluid is heat exchanged with the soil and the phase
change plates through the phase change water tank, as
shown in Figure 11.

• Step 1: Two operational strategies are provided based
on the conditions of the underground shelter during
normal circumstances (model 1) and emergency situa-
tions (model 2).
� Model 1: The geothermal heat exchanger (GHE)

offers heating and cooling to the underground shel-
ters in normal mode. Based on the peak load, the
maximum length of the GHE is determined.

� Model 2: When compared to Model 1, the cooling
load in the emergency mode exhibits a considerable
rise. Parallel cooling is provided by the two halves,
GHE and multimodular water-PCM tanks
(MMWPT). By adding to and scaling MMWPT, the
peak load difference between models 1 and 2 is
eliminated

• Step 2: The PCM's thermal conductivity, the size and
shape of the PCM panels, and the HTF's velocity in the
spaces between the panels are the factors influencing
the tank's performance. As shown in Figure 12A, water
tanks are deigned to be connected in an N � M matrix
shape, where M is the number of tanks in parallel and
N is the number of tanks connected in series. A specific
configuration of PCM panels in the MMWPT is shown
in Figure 12B. The dimensions of water-PCM tank are
2000 mm in length, 600 mm in width, and 2000 mm in
height. Inside the tank, there are PCM panels that are
1800 mm long, 60 mm wide, and 2000 mm tall. The
phase change plates are spaced 20 mm apart.

• Step 3: Prior research has focused on achieving a spec-
ified load shifting through a single water-PCM tank,
with its volume tailored to meet the necessary cooling
or heating load. Zeng et al's57 proposal for thermal
storage in the underground shelter's emergency mode
also includes MMWPT, which offers flexibility and is
simple to mass-produce. The PCM is first kept in a
solid form by geothermal energy, and the tank is natu-
rally cooled after the PCM has melted.

• Step 4: The geothermal heat pump system (GHPS) is
connected in series with MMWPT to provide cooling
for the underground shelter in regular and emergency

TABLE 8 Optimal results of sizing D-CAES and A-CAES with TES system to meet the electric demand of an educational building in

Montreal, Canada.

Scenario

Optimal configuration KPIs' Value

Compressor
(kW)

Turbine
(kW)

AST
(m3)

TES
(kWh)

PMax
AST

(MPa)
LCOE
($/kWh)

SSR
(%)

HRR
(%)

RTE
(%)

CE
(t/y)

A-CAES 585 526 300 3000 10.6 0.084 50 94 51.0 0

D-CAES 286 587 300 0 6.35 0.076 50 0 40.8 161

Abbreviations: A-CAEA, adiabatic-compressed air energy storage; CE, carbon emission; D-CAEA, diabatic-compressed air energy storage; HRR, heat recovery

ratio; LCOE, levelized cost of energy; KPIs, key performance indicators; RTE, round-trip efficiency; SSR, self-sufficiency ratio; TES, thermal energy storage.
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modes, respectively. The hybrid system designed for
the underground shelter is demonstrated in Figure 13.
MMWPT, GHEs, Water Loop HPs, water collectors,
water separators, and pumps constitute the essential
elements of the proposed system. The primary factors
affecting performance in the emergency mode for the
integrated system are the GHE length, MMWPT
arrangement, and cooling water flow ratio. Table 9 is a
list of the specific comparison criteria used in the
study.58

• Step 5: The system's KPIs included effective discharge
duration (EDD), the outlet temperature, and total
emitted heat. Due to its effect on the energy efficiency

of HP systems, the temperature drop (ΔTwater) during
the EDD is a critical evaluation indicator.

• Step 6: A Taguchi design, also known as an orthogonal
array, was designed for simulations after listing the
parameters and their levels. A two-dimensional mathe-
matical model was developed to simulate the processes
of phase change and heat transfer within both the
HTF and the soil medium surrounding the tank. A
symmetrical boundary at the middle of the fourth
panel is implemented to simplify the computational
procedure.

• Step 7: The mathematical model is developed in
MATLAB environment and validated through

FIGURE 10 TES system dynamic behavior in the hybrid PV/A-CAES system over a year.

FIGURE 11 Schematic of buried water-PCM tank: (A) top view, (B) front-left view.56 PCM, phase change material.
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experimentation, achieving a normalized mean bias
error and root mean square error both below 10% and
30%, respectively. Subsequently, TRNSYS 18 is
employed to interact with the data for simulation, with
all parameter and level combinations specified as
inputs in the MATLAB code. ANOVA was also used to
assess the data and find out how each influential ele-
ment varied and what influence it had. The reporting
of factor ranking, and their primary influences was
presented as an outcome. Subsequently, the appropri-
ate combination of parameters is showcased.59

3.5.1 | Results and discussion on case
study 3.5

The implementation of the recently planned buried
water-PCM tank for load shifting is examined to use the
system as a reference. Burying the water-PCM tank in
the ground helps maintain the PCM in a solid state. The
tank can offer latent thermal storage capacity in times of
need. According to the findings, the underground water-
PCM tank's cooling capacity is 24.96% greater than that
of an insulated tank. Zeng et al58 additionally investigate

the effect of MMWPT configuration on the HP system's
cooling performance. The outcome shows that the
ΔTwater in the scenario with N (number of series
tanks) � 5 (number of parallel tanks) is about four times
as that with N � 1. The related EDD, which is increased
by dividing the water into five parallel water tanks, is
1.27 to 1.28 times longer. The ideal MMWPT matrix for
the underground shelter is 3 � 5. In an emergency mode,
MMWPT is expanded and scaled to serve as the GSHP's
thermal storage system in an underground shelter. The
hybrid system's thermo-economic performance in both
normal and emergency modes are carried out. The aver-
age initial cost per unit EDD in emergency mode was
found to be the most pertinent evaluation metric. Flow-
ing ratio comes before GHE length and MMWPT matrix
in the list of factors. The initial cost per unit EDD was
dropped by 24.37% with the hybrid system's ideal design.

3.6 | Utilization of LHTES integrated
with GSHP in office building

Peak load can be shifted using a GSHP integrated with a
PCM cooling storage system, which is supposed to be
both efficient and environmentally benign. In an office

FIGURE 12 Schematic

diagram of the multimodular

water-PCM tanks.57 PCM, phase

change material.
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block in Wuhan, China (30.52 N, 114.32 E), a GSHP sys-
tem with a PCM cooling storage tank was the subject of
this case study.

Both in the summer and the winter, the ground heat
exchanger (GHX) is employed as a HEX. In the summer,
PCM tanks are employed as cooling storage facilities.
When a PCM needs to be charged cold at night in the
summer, a cooling tower (CT) is employed as heat dissi-
pation equipment. In the meantime, it serves as an addi-
tional heat dissipation device when the building cooling
load exceeds the combined capacities of the GSHP and
PCM tanks during the hot day. The integrated system's
schematic is shown in Figure 14.

• Step 1: Operating modes of the system in various sea-
sons are described as follows:
� Summer: A CT removes heat while a GSHP unit

charges the PCM tank with cold at night. The cold
discharges during the day in two ways. First, the
PCM tank supplies the cold, followed by the GSHP
unit once the PCM tank has finished discharging.
The leftover heat is dispersed by a CT if the building
cooling load exceeds the combined capacity of the
PCM tank and HP equipment. The chilled water is
piped to the HP unit during the nighttime cold
charging phase to be cooled to 4�C to 6�C before
being supplied to the storage tank for heat
exchange. When the water temperature drops below
8.3�C, the PCM freezes layer by layer. The 12�C
water from the user's side is cooled to 9�C to 10�C in
the cooling storage tank during the cooling dis-
charge period in the daytime and is then chilled by
a chiller to the desired 7�C.

� Winter: The entire heating load is provided by the
HP and the cold is exchanged in GHX.

� Remaining seasons: The system ceases operation
between March 1st and May 31st, as well as from
October 1st to November 30th.

A numerical study was carried out on the office

FIGURE 13 Schematic

diagram of the hybrid system.58

TABLE 9 Values of variables used in the parametric study in

the emergency mode.58

Variables
Base
scenario Values

GHE length(m) 2500 1800, 1900, 2000, 2100, 2200,
2300, 2400, 2500

MMWPT
matrix

3 � 5 3 � 5, 3 � 4, 2 � 5

Cooling water
flow ratio

2:8 0:10, 1:9, 2:8, 3:7, 4:6, 5:5

Abbreviations: GHE, geothermal heat exchanger; MMWPT, multimodular
water phase change material tank.
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building, focusing on a GSHP system integrated with a
PCM cooling storage tank. This office building had
a 5175 m2 total area. During the summer, the cooling
season extended from June 1 to September 30, while in
the winter, it spanned from December 1 to February
28. In Table 10, the annual dynamic building load is
displayed.

• Step 2: Both in the summer and the winter, ground
heat exchangers (GHX) are employed for heat
exchange. The overall length of GHX is determined by
the office building's winter heating load. The GHX are
single-U-shaped PE tubes. The borehole is 0.2 m in
diameter, 100 m deep, and spaced 5 m apart. The tube
has an internal diameter of 25 mm and an exterior
diameter of 32 mm. Table 11 includes a list of the spe-
cific details of the latent heat storage tank.

• Step 3: The characteristics of the PCM storage tank are
given in Table 11.

• Step 4: In cooling- or heating-dominated locations
with a year-round imbalance in cooling and heating
demands, the GSHP system requires connection to
supplementary cooling/heating systems. An efficient
way to deal with issues brought on by cooling and
heating imbalance in various locations is to combine a
GSHP with a TES system. The implementation of
GSHP integrated with the PCM cooling storage system
still faces a number of difficulties. The best way to
operate this combination system for various buildings
in various climates is challenging. Yet, there is

currently insufficient study being done on integrated
system optimization. As a result, the combined system
is created in TRNSYS to perform system optimization.

• Step 5: The energy performance and economic ana-
lyses of the integrated system were investigated under
different cooling storage ratios, representing the ratio
of PCM cooling storage tank capacity to the total sys-
tem cooling capacity. The optimal operational mode
and cooling storage ratio for this combined system
were identified.

• Step 6: A numerical model incorporating a GSHP con-
nected to a PCM cooling storage system was created.
The system's operation is simulated for a 20-year
period under year-round continuous and intermittent
conditions (with three designs) using the temperature
difference control method of the CT.

FIGURE 14 Schematic of combined system.60

TABLE 10 Annual dynamic building load.60

Load type Value
Ratio of cooling load to
heating load

Design cooling
load(kW)

1045.46 2.42

Design heating
load(kW)

432

Cumulative cooling
load(kWh)

682 695 3.6

Cumulative heating
load(kWh)

189 132
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• Steps 7: The model was developed in TRNSYS.

3.6.1 | Results and discussion on case
study 3.6

The issue of soil heat accumulation can be efficiently
solved by using GSHP in conjunction with a PCM cooling
storage system, which also increases the HP unit's opera-
tional efficiency. A consistent operating performance and
good energy efficiency were achieved by the GSHP with
PCM cooling storage compared to that without. For this
integrated system, the ideal mode of operation and cool-
ing storage ratio were discovered. Based on numerical
investigations, the optimal cooling storage ratio was
determined to be 40%, taking into account both initial
investment and operating costs. In comparison to the
conventional GSHP hybrid CT system, the combined
GSHP with PCM cooling storage system achieved a 34.2%
reduction in the annual cost under a cooling storage ratio
of 40%. The PCM cooling storage system employed partial
cooling storage and cooling storage before modes. In
comparison to a typical GSHP hybrid CT system without
cooling storage, the operational mode could effectively
release the stored cooling energy, thereby enhancing the
efficiency of cooling storage utilization and reducing
operational costs. A key element in the combined sys-
tem's ideal design and functioning is the cooling storage
ratio. Varying cooling storage ratios have an impact on
the combined system's operation energy performance
and economy. Nevertheless, factors such as building type,
location, and system utilization mode impact the optimal

cooling storage ratio. This scenario illustrates an instance
of the optimum utilization of the combined system. The
optimal design can contribute to enhancing both theoret-
ical and practical insights into integrated systems,
enabling broader applications of such systems.

3.7 | Utilization of LHTES integrated
with solar energy system in Tibet

An established engineering approach to address the dis-
parity between the heat demand of a given building and
the heat supply from a solar heating system (SHS)
involves incorporating latent heat energy storage. Zeng
et al58 explored a SHS integrated with PCM specifically
designed for Tibet. This system is notable for its adapt-
ability to factors such as high altitude, solar radiation, air
pressure, and water boiling temperature, among others.
The entire procedure involves: (1) recognizing the unique
features of Tibet's climate and altitude, along with the
specific demands for the solar system; (2) creating a SHS
integrated with PCM, based on a selected building in
Lhasa and devising applicable control strategies; (3) evalu-
ating the energy performance of the system across vari-
ous operational scenarios; and (4) suggesting the most
appropriate operational scheme and design strategy for
the system.

• Step 1: The case study building in Lhasa has five
stories; each has a heating area of 3778.87 m2 and a
height of 3.9 m. The building's hourly heating load
(from November 4th to March 19th of the subsequent
year) is computed using DEST software. The heating
system's supply water temperature and return water
temperature are determined through load value calcu-
lations. The timeframe for the SHS-PCM numerical
models encompasses the entire heating season, span-
ning from November to March.

• Step 2: The minimum solar portion for building heat-
ing should be 60%, according to the Technical Code for
SHSs (GB 50495-2009).61 The roof space of a building,
however, limits the overall area of solar heat collectors.
Two rows with 44 collector panels each are finally cho-
sen, taking into account the need for the edge wall
shelter and maintenance area. The PCM storage tank
is considered solely as latent heat storage, adhering to
the heat storage capacity specified in GB 50495-2009.61

Table 12 displays the selected parameters for both
tanks.62

• Step 3: To meet the temperature specifications of the
heating system, a paraffinic PCM with a phase change
temperature ranging from 40�C to 80�C was
considered.

TABLE 11 Latent heat storage tank design parameters.

The size of tank 1.0 � 1.2 � 1.0 m

Heat loss coefficient, Ut 0.3 W/(m2 K)

Total area of exchanger, Ahe 6 m2

Coefficient of heat transfer, Uhe 150 W/(m2 K)

Water volume in tank, Vw 0.45 m3

PCM type CaCl2�6H2O

PCM enclosed size 140 � 120 � 70 mm

PCM total volume, Vpm 0.5 m3

PCM melting point, Tm 29.9

PCM melting latent heat, L 187.49 kJ/kg

PCM density, ρpm 1710 kg/m3

PCM specific heat, CPpm 1460 J/(kg K) (s)
2130 J/(kg K) (l)

PCM thermal conductivity, λpm 1.09 W/(m K) (s)
0.54 W/(m K) (l)

Abbreviation: PCM, phase change material.
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• Step 4: The authors have proposed a conceptual design
for the PCM-integrated SHS (SHS-PCM) to align with
the heat load and demand of the targeted building.
Figure 15 illustrates the system, which comprises a
solar collecting system (SCS), a phase change thermal
storage system (PCTSS), and an indoor heating system.
The SCS incorporates flat plate solar thermal collectors
(FSTCs), a plate HEX, pump 1, valves, pipelines, and
other components as the primary heat source. Serving
as an additional heat source, the PCTSS includes a
PCM storage tank, an assistance heat source (AHS),
a plate HEX, pump 2, valves, pipelines, and other
elements.64

• Step 5: The heating conditions, solar energy contribu-
tion rate, and overall heating system energy-saving
capabilities are examined using a public building in
Lhasa as the research target. This analysis is done
using various PCM storage tanks and various terminal
shapes. For the entire heating season, a control strat-
egy and numerical models were developed for each of

the seven specific operation modes, as outlined in
Table 13. The seven suggested operation modes are as
follows:
� Mode 1: free cooling.
� Mode 2: preservation of the heat absorbed by the

solar collector in the PCM storage tank during
periods of no heating demand.

� Mode 3: direct supply of the heating demand
through the solar collector.

� Mode 4: utilization of the heat absorbed by the solar
collector to fulfill heating demands, storing any
excess heat in the PCM storage tank.

� Mode 5: utilization of the heat stored in the PCM
storage tank to fulfill the heating demands.

� Mode 6: utilization of both the heat stored in the
PCM storage tank and auxiliary heating sources to
fulfill the heating demands.

� Mode 7: sole reliance on auxiliary heat sources to
meet the heating demands. Mathematical models
were developed for each of the seven operation

TABLE 12 Selection parameters for ordinary water tank and PCM storage tank.62

Nomenclature Units Ordinary water tank PCM storage tank

Heat storage capacity Qm GJ 0.63 0.63

Volume of tank Vhp m3 3 � 2.5 � 4 3 � 2.5 � 0.8

Volume PCM plate Vpp m3 — 3 � 2.5 � 0.08

Number of PCM plates Npp — 6

PCM materials Paraffin

Phase-transition temperature Tm
�C — 47

Terminal form fan coil Fan coil

Supply and return heating temperature Te,in=Te,o
�C 45/40 45/40

Abbreviation: PCM, phase change material.

FIGURE 15 Schematic diagram of the SHS-PCM.63 PCM, phase change material; SHS, solar heating system.
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modes mentioned above, considering the impact of
outdoor meteorological parameters and terminal
load on the heating system.

Concerning the valve and temperature designations
depicted in Figure 15, the system's operating modes
and control parameters are detailed in Table 13.

• Step 6: Design parameters, meteorological data, and
hourly heating load were input into MATLAB as the
known conditions and the time step was set to
20 minutes, aligning with the numerical models of a
SHS coupled with a PCM-based TES system developed
in MATLAB. Computed dynamic properties of the per-
formance indices of the AHS, PCM storage tank, and
FSTCs during the heating process include operation time
for each mode, fluid inlet and outlet temperatures, heat-
ing quantity from auxiliary heat sources, phase change
ratio, and thermal efficiency of solar collectors. A novel
dynamic simulation model for energy performance,
namely, the Department of Housing and Urban-Rural in
Tibet, was employed to analyze the energy efficiency of
both the building and the connected SHS. This analysis
was conducted under three operational schemes and two
distinct heating selections. Based on these assessments,
optimal models and operational patterns were chosen.

• Step 7: The model was developed in MATLAB.

3.7.1 | Results and discussion on case
study 3.7

According to the findings, a SHS with a PCM tank offers
a 34% greater capacity for energy savings than a

conventional water tank heating system. Regarding the
energy efficiency of the system, daytime heating sur-
passes full-day heating. It is recommended to select
design parameters for the PCM storage tank that provide
a daily heat storage capacity covering 70% to 80% of the
heating season. The maximum energy savings are
achieved with a floor radiant system having supply and
return water temperatures of 40�C and 35�C, respectively.
The real-time parameters for the entire heating season,
considering various operation modes of the system, can
be acquired by solving the simulation models. These
parameters serve as a reference for optimizing the design
and operation of the actual system.

4 | DISCUSSION AND
CONCLUSIONS

TES is a proven technology to increase the energy effi-
ciency of buildings in several ways, for example, by
increasing the share of renewable energy use or
by increasing the efficiency of heating and cooling sys-
tems in buildings. A proper design of TES can be a chal-
lenging and sophisticated task, considering the wide
range of existing and emerging technologies for TES as
well as the variety of building applications requiring the
integration of TES. Hence, an optimal design of TES sys-
tem has increasingly attracted the attention of
researchers and is a subject of many recent studies. In
this context, a systematic design methodology for TES
that can be adapted to a range of applications is benefi-
cial, easing the design procedure, thus removing the bar-
rier for deployment of TES systems in practice. However,

TABLE 13 Operating modes and control parameters of the SHS-PCM.62

Mode Detail

Flat-plate
solar
collector

PCM
storage
tank

Auxiliary heat
source (AHS) Operation

Mode
1

Natural cooling Off Off Off All valves closed

Mode
2

FSTC for PCM storage tank On On Off Valves V7 and V1 opened; pumps 1
and 2 on

Mode
3

FSTC for indoor heating On Off Off Valves V7, V2, V6, and V5 opened;
pumps 1 and 2 on

Mode
4

FSTC for PCM storage tank
and indoor heating

On On Off Valves V7, V1, V2, V6, and V5
opened; pumps 1 and 2 on

Mode
5

PCM storage tank for indoor
heating

Off On Off Valves V3, V6, V5, and V4 opened;
pump 2 on

Mode
6

PCM storage tank and AHS
for indoor heating

Off On On Valves V3, V6, V5, V4 opened;
pump 2 on; AHS on

Mode
7

AHS for indoor heating Off Off On Valves V6, V5, V4, and V2 opened;
pump 2 on; AHS on

Abbreviations: AHS, assistance heat source; FSTC, flat plate solar thermal collector; PCM, phase change material; SHS, solar heating system.
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TABLE 14 Summary of designed information for the seven case studies.

Objective Inputs/constraints Design Output

Case
1

• Thermal
comfort

• Heat flow rates
• Comfort zone limit
• Technology: PCM

Parameters:
• Viable charging and

discharging
• Thickness of the floor
• Thickness of the slab
• Thickness of earthbag block
• Area of Earthbag block
• Area of Earthbag wall
KPIs:
• The inner surface temperature

reduction
• The viable PCM charging and

discharging duration
Optimization method and tools:
• Genetic Algorithm (GA)/

MATLAB

• Optimal thickness of
earthbag wall

• Optimal thickness of the
selected PCMs

• Optimal building orientation

Case
2

• Seasonal
performance

• Cost

• Mass flow rate of HTF
• Thermal demand and resource

availability curves derived
from a detailed dynamic
simulation

• Available space for installation
of the tanks

• Technology: indirect-contact
TES, water tank and borehole

Parameters:
• Upper and lower working

temperatures
• Number of solar thermal

collectors
• Number of geothermal

boreholes
• Depth of boreholes
• Volume of the integration

storage per solar
collectors' area

• Volume of the gray water
storage

• Surface of the solar heat
exchanger serpentine in the
integration storage

• Surface of the gray water heat
exchanger serpentine in the
integration storage

• Surface of the heat exchanger
serpentine in the gray water
storage

KPIs:
• Global cost of the system

within its estimated lifecycle
(30 years)

• Seasonal performance factor
Optimization method and tools:
Metaheuristic population-based
PSO algorithm/GenOpt and
TRNSYS

• Optimal size of solar loop
• Optimal size of exhaust DHW

storage
• Optimal number of boreholes
• Optimal recharging strategy

for ground field

Case
3

• Energy
efficiency

• Thermal
comfort

• Cost
• Energy

flexibility

• Cooling load
• The nominal, minimum and

maximum water flow rates
• The nominal lower and upper

temperature of the water
• Defined comfort limits
• Technology: PCM

Parameters:
• Charging and discharging time
• Ceiling panel dimensions
• PCM thickness
• Number of ceiling panel
KPIs:
• Global cost
• Payback period

• Optimal discharge method
(water vs, air-based system)

• Optimal water circulation
schedule and control

• Optimal water supply
temperature

• Optimal water flow rate

(Continues)
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TABLE 14 (Continued)

Objective Inputs/constraints Design Output

• Limit on the volume of PCM
per panel

• Available ceiling area

• Operative temperature
• Vertical temperature difference
• Specific cooling power
• Energy use
• Supply water temperature
Optimization method and tools:
Parametric analysis and
laboratory experiment/TRNSYS

• Optimal airflow rate (night
ventilation)

Case
4

• Levelized
cost of
energy

• The hot and cold tank
temperatures

• Building load demand
• Technoeconomic and

environmental data of each
component in the hybrid
system

• Sizing variable boundaries
• Technology: water tank

Parameters:
• Capacity of TES
• Charging/discharging time
• Power capacity of compressor/

turbine train
• Maximum pressure of air

storage tank (AST)
• Volume of AST
• Number of installed PV panels
KPIs:
• Levelized cost of

energy (LCOE)
• Building self-sufficiency (SSR)
• Heat recovery ratio (HHR)
• Round-trip efficiency (RTE)
Optimization method and tools:
PSO algorithm/MATLAB

• Optimal TES capacity and
plant configuration

Case
5

• Peak load
shifting

• Peak load in peacetime and
emergency time

• Technology: water-PCM tank

Parameters:
• Arrangement and dimensions

of the water-PCM tank
• Arrangement and dimensions

of PCM panels inside the tank
• HTF's velocity
• GHE length
• Cooling water flow ratio
KPIs:
• Outlet temperature
• Effective discharge

duration (EDD)
• Total heat emitted
• Temperature drop during EDD
Optimization method and tools:
Parametric study/MATLAB and
TRNSYS

• Optimal MMWPT
arrangement

Case
6

• Energy
performance

• Cost

• Design cooling load
• Design heating load
• Cumulative cooling load
• Cumulative heating load
• Water temperature
• Total area
• Technology: PCM

Parameters:
• Size of the tank
• Water volume in the tank
• PCM total volume
• PCM enclosed size
• Total area of exchanger
• Setting temperature to stop

charging (PCM)
KPIs:
• Initial investment
• Operating cost
• Energy used
Optimization method and tools:

• Optimal operation mode
• Optimal cooling storage ratio
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few studies have been yet devoted to this topic. To sup-
port the establishment of a systematic design methodol-
ogy, the current study has introduced the essential steps
that should be taken for the optimal design of TES sys-
tems as follows.

Characterization of the thermal process is the first
step that should be taken in designing TES systems.
Often, three parameters related to the HTF can be used
for this purpose, namely the upper temperature, the
lower temperature, and the flow rate. Likewise, a detailed
information on the thermal resources and thermal
demands should be available. This information can iden-
tify the main system design parameters which are the
charging time, discharging time and the storage capacity.
Considering the process and system boundaries, at this
stage it is possible to specify the storage characteristics
that can best suit to the application. Afterwards, in addi-
tion to the parameters related to the TES system itself,
the parameters related to the integration of the system to
building should also be specified in the next design step.
In a smart design scheme, the aim is to optimize the sys-
tem operational performance, either considering merely
the TES system or the storage system in conjunction with
the rest of the plant, that is, where it is integrated. Hence,
relevant application-specific KPIs will be defined for per-
formance evaluation following by defining the optimiza-
tion methodology and tools employed for this purpose in
the next design steps. Finally, the robustness of the
design should be tested using available techniques, for
example, sensitivity analysis. After this step, the design
parameters may be refined in some design iterations if
needed.

The introduced design steps have been applied to
seven different case studies, namely design of:

1. Earthbag-PCM integrated walls to maximize thermal
comfort in temporary housings.

2. Geothermal borehole and water tank storage systems
to maximize seasonal performance factor and mini-
mize the global lifecycle cost of solar-assisted GHPS in
a restaurant.

3. TABS including ceiling panel with PCM material
embedded with water pipe to optimize energy effi-
ciency, thermal comfort, cost, and flexibility in a test
room at a university campus.

4. A water tank storage in conjunction with a conven-
tional air energy storage to minimize the levelized cost
of energy while achieving maximum building self-
sufficiency in integrated energy systems.

5. An underground water-PCM tank to optimize a HP
cooling performance in an underground shelter.

6. A PCM cooling storage tank to optimize the energy
performance and cost of a GSHP system in an office
building.

7. A PCM storage tank integrated with a SHS to optimize
solar energy contribution rate, and overall heating sys-
tem energy-saving in a public building.

Following Section 3, Table 14 summarizes the infor-
mation obtained from the design procedure of the above
case studies considering the proposed design steps. As
can be seen, there is a wide diversity among the design
cases in terms of design objective, input, design, and out-
put parameters. Particularly, the design parameters,
which include both the system and integration parame-
ters, can be quite different from one application to
another. However, despite this diversity which include
both sensible and latent TES employed in different types
of buildings, it can be concluded that the design proce-
dure in all of them can be broken down into the intro-
duced design steps as explained in Section 3, except step
8 that has been omitted in all case studies due to lack of
information regarding the robustness of the design
procedure.

TABLE 14 (Continued)

Objective Inputs/constraints Design Output

Numerical analyses/TRNSYS

Case
7

• Energy
flexibility

• Heating area
• Building's hourly heating load
• Technology: PCM
• Solar portion for building

heating

Parameters:
• Heat storage capacity
• Dimensions of water tank
• Dimensions of PCM tank
• Annual heating load
• Setting temperature to stop

charging (PCM)
KPIs:
• Solar energy contribution rate
• Energy-saving
Optimization method and tools:
Numerical analyses/MATLAB

• Optimal operation mode
• Optimal supply water

temperature
• Optimal return water

temperature
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All above case studies in the current research are
related to retrofit applications. Following this work, it is
recommended to evaluate the design methodology with
applying it to greenfield applications. It is expected that
the application of the proposed design methodology is
more straightforward for greenfield application though.
Moreover, thermo-chemical storage system is not among
the case studies and the design process of such storage
needs further investigation. The proposed design method-
ology is an attempt to give a structure to the design of
TES systems. While the proposed design steps can be
adapted according to chosen storage technology, they can
be considered as a general base to develop a more system-
atic methodology for the design of TES systems in future
works.
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