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Abstract: In the transition to sustainable energy consumption, waste heat recovery and storage sys-
tems become key to advancing Europe’s energy efficiency and reducing carbon emissions, especially
by harnessing thermal energy from low-temperature sources like wastewater. This study focuses
on optimizing a heat recovery system that uses heat pipes for effective heat extraction and coconut
oil as a phase change material for efficient thermal storage. A total of 12 numerical simulations
were conducted to analyze the outcomes of varying operational parameters, including the diameter
of the heat pipe, condenser size, secondary agent flow rate, coil length, and primary agent inlet
temperature. The numerical findings indicate that reduced flow rates, in combination with smaller
condenser diameters and increased primary agent temperatures, greatly improve the efficiency of
heat absorption and transfer. Following a 4 h test period, the most successful outcome resulted in a
melting fraction of 98.8% and a temperature increase of 18.95 ◦C in the output temperature of the
secondary agent. In contrast, suboptimal conditions resulted in only a 2.21 ◦C rise and a 30.80%
melting fraction. The study highlights the importance of component sizing and optimization, noting
that strategic modifications and appropriate phase change materials can lead to highly efficient and
scalable systems.

Keywords: waste heat recovery; thermal energy storage; optimization

1. Introduction

The necessity to shift towards more sustainable energy consumption is growing in
light of the challenges presented by economic expansion and environmental constraints [1].
Both national and European levels acknowledge decarbonizing the energy system as an es-
sential objective in the fight against climate change. Reducing emissions, increasing energy
efficiency, and moving Europe toward at least 40% final energy consumption from renew-
able sources are among the energy sector’s main goals by 2030 [2]. In light of the increasing
global emphasis on clean energy and improved energy management, it is essential to un-
derscore the significance of these approaches, especially in the European Union. Within this
particular context, buildings play a substantial role in both energy consumption and carbon
dioxide (CO2) emissions, accounting for 40% of energy consumption and contributing sig-
nificantly to 36% of emissions across the entire area [3]. The idea of recovering waste heat
has been a prominent focus in current energy-related approaches, indicating an increasing
level of attention and acknowledgment of its potential to capture, utilize, and reuse excess
thermal energy [4]. Furthermore, the ongoing investigation and development of waste heat
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recovery systems are currently at the forefront of research efforts, as underscored by the
studies conducted by [5–8]. Current research underscores the significant potential of waste
heat recovery systems; yet, there are specific knowledge gaps in optimizing these systems
for low-temperature applications, enhancing energy storage efficiency, and integrating
multiple components for both heat recovery and storage. While recovering energy from
buildings and the industrial sector has received a lot of interest, the process of water heat-
ing contributes to an important amount of energy usage [8]. The discharge of wastewater
from various sources, including residential, commercial, and industrial activities, offers
an important amount of thermal energy. This energy is typically overlooked as a potential
source of heat loss in terms of energy recovery, but it presents promising opportunities for
improving energy efficiency while making a valuable contribution to global efforts against
climate change [9].

As noted by [10], several technologies, ranging from economizers to waste heat boilers
and heat pipe systems, have demonstrated the potential to capture, recover, and exchange
significant amounts of thermal energy that would normally be lost in different processes.
Heat pipes, recognized for their remarkable efficiency and versatility, hold a pivotal position
in heat recovery technologies [11]. Functioning as thermal superconductors, they facilitate
rapid heat transfer with additional benefits such as low operational costs and easy mainte-
nance [12]. From isothermal processes to heat flux transformation, the diverse applications
of heat pipes make them a preferred choice across various industries for efficient heat
recovery and management [13,14]. Heat pipes have undergone significant advancements
and are now considered essential elements for successfully integrating into heat exchangers,
due to their numerous advantages and capabilities. Heat pipe heat exchangers usually have
a small design that is both cost-effective and allows for the effective recuperation of thermal
energy without requiring additional power sources. Moreover, the distinct benefit of heat
pipe heat exchangers lies in their nearly uniform temperature distribution, emphasizing
their substantial value in a wide range of applications [14]. Furthermore, their compact
design facilitates the efficient adjustment of heat flux transfer, allowing for versatility in
applications like preheating or heating air in conditioning systems and generating domestic
hot water [10,11]. As researchers continue to focus on optimizing heat pipe heat exchangers,
numerous studies provide important insights that could enhance these systems for a wide
variety of applications.

In their study, ref. [15] conducted a CFD (Computational Fluid Dynamics) heat trans-
fer analysis for a heat pipe system designed for waste heat recovery in buildings. The
study focused on developing an innovative heat exchanger utilizing the return of the exist-
ing heating system, demonstrating its adaptability to varying secondary agent flow rates
and different primary agent temperatures. The system exhibited successful performance,
achieving favorable secondary agent temperatures even with increased flow rates and
lower temperatures for the primary agent. Additionally, the introduction of heat transfer
rings further enhanced heat transfer efficiency. Ref. [16] explored the optimization of
a water-to-water heat pipe heat exchanger for effective waste heat recovery in the steel
industry. Notably, they found that an increase in wastewater flow rate from 0.83 m3/h
to 1.87 m3/h enhanced exergy efficiency from 34% to 41%, despite a decrease in system
effectiveness. The findings not only revealed the impact of varying wastewater mass flow
rates but also identified optimal flow rates at 1.20 m3/h for wastewater and 3.00 m3/h
for fresh water. Their research not only underlines the intricate balance between flow
rates and system efficiency but also points towards the importance of maintenance and
structural optimization in sustaining the system’s performance. Building upon this, the
subsequent study [17] further analyzed heat pipe heat exchangers (HPHE) in the steel
industry, particularly focusing on slag cooling. Consistent with the previous findings,
increasing the wastewater flow rate improves effectiveness but reduces exergy efficiency,
pinpointing optimal flow rates of wastewater at 1.40 m3/h and cold-water mass flow rates
and 2.90 m3/h. Both studies confirm that online cleaning devices have a significant role
in enhancing heat transfer performance, reinforcing the importance of maintenance for
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optimal HPHE operation. Expanding the application of heat pipe heat exchangers, a dis-
tinct study successfully integrated an HPHE into the aluminum industry, recovering 97 kW
with a notable 35-month return on investment. Although the theoretical model exhibited a
20% deviation, it suggests the potential for widespread adoption of HPHE, significantly
reducing primary energy consumption (476 MWh/year) and estimated CO2 emissions (86
tCO2/year) [18]. Another study conducted by [19] highlighted the benefits of incorporating
a heat-pipe heat exchanger in a window-type air-conditioning system. The HPHE signif-
icantly reduced compressor power consumption, resulting in substantial power savings
of 2.01% to 1.33% for different working fluids. This emphasizes the significant role of
HPHEs in enhancing air conditioning efficiency and promoting energy savings. To improve
overall energy efficiency even more, incorporating advanced energy storage technologies
becomes crucial.

As highlighted in the study by [20], efficient thermal energy storage systems, such as
those utilizing latent heat, contribute significantly to storing and utilizing industrial waste
heat effectively. Studies, such as those by [21,22], emphasize the efficacy of incorporating
heat pipes and increasing the number of heat transfer tubes in a phase change material
(PCM) for enhancing heat transfer rates in latent heat thermal energy storage systems. The
integration of these techniques proves advantageous, with heat pipes demonstrating a
two-fold increase in energy transfer during solidification and multitube arrangements, as
demonstrated by [22], showcasing faster PCM melting. In their study, ref. [23] developed
a low-cost, in-house method for manufacturing heat pipes, achieving an average melting
enhancement coefficient of 135% with coconut oil as the PCM, further underscoring the
potential for cost-effective heat recovery applications. Furthermore, ref. [24] investigated
dynamic thermal management for industrial waste heat recovery using PCM thermal stor-
age and achieved a reduction in daily fossil fuel consumption from 6.81 tons to 6.34 tons
and optimized fuel consumption ratios, underscoring the effectiveness of advanced opti-
mization algorithms. Expanding on the insights gained from earlier research, particularly
highlighting the importance of effective thermal energy storage systems leveraging latent
heat, a recent investigation led by [25] delves into the exploration of an innovative two-
stage heat recovery–storage system aimed at mitigating thermal energy losses in industrial
settings. By employing heat pipes for recovery and an eco-friendly phase change material
for storage, the system demonstrated a peak efficiency of 78.1%, showcasing its substantial
capacity for thermal energy recovery. Additionally, a novel triplex-tube heat exchanger pro-
posed by [26] further underscores the potential of new configurations in enhancing storage
and recovery processes. Their design, featuring a dual-PCM configuration, significantly
improved the rate of melting and solidification. The optimized arrangement achieved
23.43% and 18.87% enhancements in energy storage and recovery, respectively, compared
to conventional single-PCM systems. This study highlights the importance of innovative
designs and configurations in maximizing the efficiency of these systems intended for heat
recovery and storage.

Despite progress in refining these systems to boost heat transfer and energy storage
capabilities, ongoing challenges persist in achieving optimal efficiency for low-temperature
applications. The current literature often focuses on optimizing single components of heat
recovery systems, neglecting the potential benefits of a comprehensive multicomponent
approach. At the same time, studies in the literature on waste heat recovery systems predom-
inantly employ heat pipes, neglecting the possibility of storage. Nonetheless, these studies
demonstrate the significant potential of heat recovery in various industrial sectors [27–29].
Our study aims to fill this gap by optimizing a waste heat recovery and storage system that
utilizes heat pipes and coconut oil as a PCM, focusing on improving heat transfer efficiency
for low-temperature applications. Employing numerical simulations, we explored various
configurations of the system to identify the most efficient setup for improved performance.
Integrating techniques like heat pipes, as investigated by [20,21,30,31], and optimizing
the number of heat transfer tubes in PCM and arrangement, as highlighted by [22,32],
further accentuates the potential to enhance heat transfer rates in latent heat thermal energy
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storage systems. Additionally, an experimental investigation underscores the importance
of optimizing temperature gradients to improve efficiency, as the increase of temperature
in thermal energy storage systems can effectively enhance heat transfer [33].

The unique contribution of our study lies in the detailed optimization of these com-
ponents and configurations, providing a comprehensive analysis of their effects on the
system. This approach not only addresses challenges in existing systems but also offers
a practical framework for improving waste heat recovery and storage. In alignment with
these principles, our study aims to contribute to ongoing advancements in efficiently recov-
ering and storing waste thermal energy for sustainable energy consumption. Within the
context of the European energy system, the optimization of these systems is particularly
relevant. Given the substantial role of buildings in energy consumption and emissions,
our research addresses a critical need for efficient heat recovery solutions in residential,
commercial, and industrial settings. Specifically, our system can be developed for use in
residential settings, coupled with solar thermal panels. The heat pipe heat recovery system
can utilize the hot water generated by the solar thermal panels for heat recovery, producing
instant hot water for domestic use and storing excess heat within a phase change material
for prolonged hot water availability. Additionally, it can be applied in industrial settings,
such as in the steel and aluminum industries, to recover heat from wastewater resulting
from various processes, providing instant hot water for other processes while also offering
storage capabilities, improving overall efficiency in industrial processes, and significantly
reducing primary energy consumption and CO2 emissions. We anticipate that the insights
gained from this study will offer valuable guidance for optimizing the geometrical design
and operational parameters of heat pipe heat recovery and storage systems.

2. Materials and Methods
2.1. The Design of the Heat Pipe Heat Recovery System

This study focuses on the optimization of a heat pipe heat recovery and storage system
to enhance heat transfer performance and address the imperative need for energy efficiency.
We developed 3D behavioral models to optimize the system’s design and gain useful
insights into its behavior. We used the educational version of ANSYS 2022 for numerical
simulations and Autodesk Inventor 2023 for 3D modeling. Numerical simulations were
employed for investigating alternate coil placement and secondary agent flow rates, as
well as various design and operating scenarios. The SIMPLE algorithm was applied for
efficient pressure-velocity coupling, and second-order upwind schemes were used for the
discretization of momentum and energy equations. Our analysis involved several steps to
systematically evaluate the system’s performance under various conditions. Initially, we
developed 3D behavioral models of the heat pipe heat recovery system and then employed
numerical simulations to explore different operational scenarios. These simulations were
categorized based on varying single parameters to isolate their effects on the system’s
thermal behavior. Finally, we analyzed the simulation results to identify the most promising
design and operational settings.

During this phase of simulations, we conducted the tests on a system comprised of
two key sections: the evaporation zone and the condensation zone, both traversed vertically
by a single heat pipe. The evaporation zone has a height of 400 mm and a width of 100 mm,
while the cylindrical condensation zone reaches a height of 600 mm with a diameter of
150 mm. Both zones are vertically penetrated by a heat pipe, with a diameter of 15 mm and
a length of 1000 mm. At first, in our research, we examined two distinct designs. In the
first one (Design 1), the coil measures 1916 mm in length, with a total height of 474 mm,
featuring 10 turns and a diameter of 15 mm. In contrast, in the second design (Design 2),
the coil is 1096 mm long, with a height of 244 mm, a reduced turn count of 5, and a diameter
of 15 mm. These designs with different coil lengths help understand how coil dimensions
affect the PCM melting behavior and the end temperature of the secondary agent. The heat
pipe, which serves as a crucial component in the system, is crafted from copper. The phase
change material used is coconut oil, distinguished by its melting point of 25 ◦C. The coil is
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made of copper, while the housings for the evaporator and condenser are made of stainless
steel. The system operates by transferring thermal energy from the primary agent in the
evaporator to the heat pipe, which subsequently transfers the heat to the condenser zone.
Simultaneously, the secondary agent flows through the coil in the condenser, extracting
heat from the melted PCM within the condenser. This dual-functionality ensures efficient
heat recovery and storage while simultaneously producing warm water that can be utilized
for a range of purposes, including domestic hot water supply. The constructive details are
illustrated in Table 1.

Table 1. Constructive details of the components.

Component Specifications

Design No.

Evaporator Condenser Heat Pipe Coil

Height
[mm]

Width
[mm]

Height
[mm]

Diameter
[mm]

Length
[mm]

Diameter
[mm]

Height
[mm]

Length
[mm]

Diameter
[mm]

Design 1

400 100 600
150

1000

15
1916 474

15
Design 2 1096 244
Design 3

25 1916 474Design 4 100
Design 5 85

A visual representation of the first two designs and their components is presented in
Figure 1.
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Figure 1. The 3D design of the heat recovery and storage system for Design 1 and Design 2.

After our initial simulations on Design 1 and Design 2, we refined our approach, mak-
ing adjustments to the condenser and heat pipe dimensions, resulting in three additional
constructive models represented in Figure 2. In Design 3, we kept the diameter of 150 mm
for the condenser, and simultaneously, we increased the heat pipe diameter from 15 mm
to 25 mm, for enhanced heat transfer. Next, we optimized the heat exchange efficiency by
reducing the condenser diameter from 150 mm to 100 mm, resulting in what we denote as
Design 4. This reduction was anticipated to increase the rate of heat exchange, resulting in
faster and more uniform melting by concentrating the thermal energy transfer. In Design 5,
we pushed the boundaries by further decreasing the condenser diameter from 100 mm to
85 mm, aiming to achieve higher thermal efficiency and heat transfer by concentrating the
thermal energy within a smaller volume. These adjustments reflect our commitment to
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refining the system’s performance under varying conditions, with Design 1 serving as the
baseline for our subsequent optimizations and explorations.
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To systematically evaluate the impact of each design and operational parameter,
simulations were grouped based on single-variable variation, allowing for a clear analysis of
each parameter’s influence on system performance. Group A investigated how varying the
secondary agent flow rate affected system melting behavior and heat transfer characteristics,
while Groups B and C examined the impact of different coil lengths on the system. Group D
assessed how changing the heat pipe diameter influenced thermal transfer within the
system, while Group E evaluated the effect of different condenser diameters on the system’s
heat exchange efficiency. Groups F and G examined the thermal response of the system to
varying primary agent inlet temperatures. These groups and their corresponding details
are presented in Section 2.5 along with the relevant tables and parameters.

The criteria for evaluating the performance of each design were primarily based
on two key metrics: the melting percentage of the phase change material and the outlet
temperature of the secondary agent. A higher melting percentage of the PCM signifies
higher thermal storage capacity, while elevated outlet temperatures of the secondary agent
demonstrate more efficient heat transfer and absorption.

2.2. Numerical Approach

In the simulation stage, we imported the three-dimensional geometries that were
initially created using Autodesk Inventor into the Ansys-Fluent framework so that we
could perform precise analyses. The meshing process, essential for numerical simulations,
unfolded within the constraints of the academic version, limited to 500,000 elements. Our
mesh networks, consisting of 130,000–200,000 nodes, were created using a progressive
refinement approach. This was carried out by initially generating a mesh with a lower
element count and subsequently increasing the density in critical areas as needed. The
aim was to create a high-quality mesh that guarantees accurate representation of thermal
behavior while also considering computational efficiency. In our computational analysis,
the nodal distribution within the Ansys-Fluent environment was meticulously defined to
capture the intricate thermal behaviors in both the evaporation and condensation zones.
Specifically, the nodes were concentrated in critical regions within the heat recovery sys-
tem where temperature gradients, phase change, or fluid flow were expected to exhibit
significant variations or complexities. Particular attention was given to areas around the
heat pipe and coil interfaces due to their critical roles in heat transfer processes. In areas
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where finer details were crucial, such as around bends or junctions where heat and fluid
flow might experience abrupt changes, the mesh was refined to increase node density,
enhancing the local resolution of the simulation results. Given the different configurations
in our study—Design 1 with a longer coil and more turns, and Design 2 with a shorter coil
and fewer turns—the nodal distribution was adjusted to reflect the geometric complexities
of each design. The node distribution plays an essential part in our simulation method,
allowing us to obtain detailed and accurate insights into the heat transfer performance of
the heat pipe system under different conceptual and operational scenarios.

2.3. Initial and Boundary Conditions

Our primary objective was to assess the system’s thermal dynamics and identify
optimal configurations under varying operational conditions. The next step in initiating
our simulations involved selecting the appropriate materials and setting the boundary
conditions. We chose steel for the evaporator and condenser casings, and copper for the
coil and heat pipe due to its large thermal conductivity. Recognizing the computational
constraints and the broad scope of our investigation, we opted not to simulate the internal
phase change processes. Thus, the heat pipe was modeled as a cylindrical material with a
very high thermal conductivity to simulate its heat transfer capabilities within the overall
system. The focus was on ensuring that the heat pipe’s role in transferring heat between
system components was accurately represented, thereby simplifying the model while
still capturing the essential functionality needed for our analysis. The working fluids,
designated as primary and secondary agents, were both modeled as water to accurately
simulate the flow dynamics within the system. Additionally, coconut oil was introduced as
a phase change material (PCM) within the condenser.

Given the absence of coconut oil’s properties in the Fluent database, we customized its
material profile based on the recent literature [34], ensuring an accurate representation of
its thermophysical properties. For our simulations, a transient, pressure-based solver was
employed to capture the time-dependent responses of the system to various operational
scenarios. A laminar flow model was chosen, aligning with the expected flow conditions
and the system’s physical scale. Boundary conditions were applied, with velocity inlets
specified for the primary agent entering the evaporator and the secondary agent flowing
through the condenser coil. The inlet parameters—velocity magnitude and temperature—
were set for each simulation design to reflect different operational states, as shown in
Table 2.

Table 2. Testing parameters.

Design No. Simulation No.

Boundary Conditions

Primary Agent—Water Secondary Agent—Water Phase Change
Material—Coconut Oil

Inlet Temp.
[◦C]

Flow Rate
[L/min]

Inlet Temp.
[◦C]

Flow Rate
[L/min]

Melting
Temp. [◦C]

Solidification
Temp. [◦C]

Design 1
S1

70

24 15

1

25 15

S2 0.1
S3 0.05

Design 2 S4
70

1
S5 0.1

Design 3 S6

0.05
Design 4

S7 70
S8 90
S9 50

Design 5
S10 70
S11 50
S12 90
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Pressure outlets were defined for both the evaporator and condenser, allowing the
fluids to exit the system under controlled conditions. We conducted our analytical ex-
ploration across five distinct designs, varying the flow rate of the secondary agent and
the inlet temperature of the primary agent. This approach enabled us to systematically
evaluate the system’s performance across a spectrum of conditions, from higher flow rates
and temperatures to more conservative settings. The consistency of the secondary agent’s
temperature at 15 ◦C and the primary agent’s flow rate at 24 L/min provided a stable
baseline for our investigations. The numerical methods chosen ensured a balance between
computational efficiency and the accuracy needed to discern the subtle impacts of design
and operational adjustments on system behavior.

2.4. Mathematical Modeling

Our study utilizes ANSYS Fluent to simulate dynamic heat transfer and phase change
within a heat recovery and storage system. To model our system, we can break it down
into three main components (see Figure 2):

• The evaporator: In this part, the hot fluid, known as the primary fluid, circulates. The
hot fluid flows at a specified flow rate of 24 L/min, enters at a given temperature (the
temperature of the heat source), and exits at a temperature T0

◦C;
• The condenser: This section is filled with PCM and is traversed by the upper part of

the heat pipe. A coil, immersed in the PCM and surrounding the heat pipe, allows
cold water to enter and absorb energy from both the heat pipe and the PCM, thus
heating up;

• Heat Pipe: To simplify the calculations, we modeled the heat pipe as a solid cylinder
with very high thermal conductivity of 5000 W/m·K to simulate a heat transfer as
efficient as that of a heat pipe;

This assembly is insulated; the thermal losses from the walls to the outside are negligible.
The fundamental equations of fluid mechanics and heat transfer serve as the founda-

tion for the Ansys-Fluent simulations that we conducted as part of our analytical frame-
work. The governing equations for these processes are derived and adapted from existing
methodologies, such as fixed domain methods and the enthalpy method for phase change.

In fixed domain simulations, the computational domain remains constant, even as the
phase changes occur. The primary governing equation for energy within these systems,
accounting for the phase change, is given by:

ρ[
∂h
∂t

+∇·(→v h)]= ∇·q− S (1)

where:
∂h
∂t —unsteady term;

∇·
(→

v h
)

—convective transport of energy;
q—diffusive heat flux;
S—source term;
The Voller [35] enthalpy method is commonly used for modeling phase change and in-

tegrated in ANSYS. This approach simplifies the problem by considering the enthalpy as the
sum of sensible and latent heat, eliminating the need for interface conditions. This approach
reduces complexities, transforming the governing equation into one that is equivalent to a
single-phase equation and allowing precise tracking of fusion and solidification fronts.

• The mass conservation equation is fundamental in fluid dynamics simulations and is
expressed as:

∂ρ

∂t
+∇·

(
ρ
→
v
)
= 0 (2)

where ρ is the density of the fluid and
→
v represents the velocity field.
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• Conservation of Momentum:

ρ

(
∂vx

∂t
+∇·

(→
v vx

))
= ∇ · (µ∇vx)−

∂P
∂x

+ Sx (3)

ρ

(
∂vy

∂t
+∇·

(→
v vy

))
= ∇ ·

(
µ∇vy

)
− ∂P

∂y
+ Sy (4)

ρ

(
∂vz

∂t
+∇·

(→
v vz

))
= ∇ · (µ∇vz)−

∂P
∂y

+ Sz (5)

where
→
S includes source terms due to the phase change. These source terms are particularly

influenced by the mushy zone model, where the PCM transitions between solid and liquid

states. The source term
→
S can be specifically expressed as:

→
S =

M(1− f )2

f 3 + c
→
v (6)

Here, f is the liquid fraction, M is the mushy zone constant, and c is a small number
preventing division by zero, ensuring numerical stability.

• Energy Conservation in the PCM:

ρ
∂h
∂t

= ∇·→q − ρΛ
∂ f
∂t

(7)

where ρ represents the density of the phase change material, ∂h
∂t is the rate of change of

enthalpy over time, and ∂ f
∂t represents the rate of change of the phase fraction.

For systems undergoing phase transitions, the total enthalpy is the sum of the sen-
sible heat (hsensible(T)) and the latent heat (h latent(T)). This relationship is defined by the
following equations:

h(T) = hsensible(T) + hlatent(T) (8)

The sensible heat represents the energy accumulated due to the temperature increase
of the material, whether in solid or liquid state. It is calculated as:

hsensible(T) =
∫ Tf usion

Tinitial

Cp, SdT +
∫ Tf inal

Tf usion

Cp, LdT (9)

The latent heat component represents the energy absorbed or released during the
phase transition. It is expressed as:

hlatent(T) = f (T)∆hS−L (10)

Here, ∆hS−L is the latent heat of fusion and f (T) is the temperature-dependent liquid
fraction, which varies between 0 and 1 as the material transitions from solid to liquid, being
defined as follows:

f (T) = 0, when the material is in a solid state, if T < Tsolid;
f (T) = 1, when the material is in a liquid state, if T > Tliquid;

0 < f (T) = T−Tsolid
Tliquid−Tsolid

< 1, when the material changes the phase, if Tsolid < T < Tliquid;

Combining the sensible and latent heat equations, the energy conservation equation
for a system experiencing phase change is given by:

ρ

[
∂hsensible(T)

∂t
+∇·

(→
v hsensible(T)

)
+ ∆hS−L

∂ f (T)
∂t

+ ∆hS−L∇·
(→

v f (T)
)]

(11)
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2.5. Simulation Parameters and Grouping Overview

To facilitate a nuanced understanding of how individual parameters affect system
behavior, we strategically organized the simulations into categories based on a singularly
varying parameter. Figure 3 illustrates the organized simulations and their respective
groups, enhancing clarity through systematic categorization. The rationale for this approach
was to isolate the influence of each variable on the system, which allowed us to draw precise
conclusions about the impact of each varied parameter. Our results are presented in the
format of comparative groups, reflecting the one-variable-at-a-time approach.
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Figure 3. Schematic Diagram of Simulation Groups.

The organization of these simulation data is summarized in the accompanying tables,
which outline the groups based on the varying parameters.

Our simulation study commenced with the establishment of a baseline scenario,
denoted as simulation S1, and this initial setup is presented in Table 3.

Table 3. Characteristics of Secondary Agent Flow Rate Variations in Group A Simulations.

Comparison Group ID Parameter Variation and Values

Constant Parameters

Coil Height
[mm]

Condenser
Diameter

[mm]

HP
Diameter

[mm]
Tpin [◦C]

Group A
S1 Secondary Agent

Flow Rate (Qsa
[L/min])

1
1916 150 15 70S2 0.1

S3 0.05

Building upon the foundational parameters of S1, simulations S2 and S3 were system-
atically conducted with the sole variation of the secondary agent flow rate (Qsa). These
modifications allowed for a focused investigation into the effects of flow rate changes
on system efficiency and heat transfer characteristics, while maintaining all other system
parameters constant to isolate the impact of this single variable. Extending from Group A’s
findings, we examined coil length variations in Groups B and C to discern their effects on
the system’s performance. The specific parameters that remained fixed and those that were
varied are systematically detailed in Table 4.



Sustainability 2024, 16, 7013 11 of 24

Table 4. Characteristics of Coil Length Variations in Group B and Group C Simulations.

Comparison Group ID Parameter Variation and Values

Constant Parameters

Qsa [L/min]
Condenser
Diameter

[mm]

HP
Diameter

[mm]
Tpin [◦C]

Group B S1

Coil length [mm]

1916
1

150 15 70
S4 1096

Group C S2 1916
0.1S5 1096

Following the assessment of coil lengths, our attention in Group D shifted towards the
diameter of the heat pipe. Simulations S3 and S6 in Group D explore the system’s behavior
with a smaller and larger heat pipe diameter and a temperature of 70 ◦C for the primary
agent (Tpin). The constant parameters across these groups, including condenser diameter,
coil height, and secondary agent flow rate, ensure a targeted analysis of the heat pipe’s
influence. Table 5 presents the specific constants and varied parameters for clarity.

Table 5. Characteristics of Heat Pipe Diameter Variations in Group D Simulations.

Comparison Group ID Parameter Variation and Values

Constant Parameters

Tpin [◦C]
Condenser
Diameter

[mm]
Coil Height Qsa

[L/min]

Group D S3 HP
diameter [mm]

15
70 150 1916 0.05S6 25

Building on the insights from the heat pipe diameter analysis in Group D, Table 6
presents Group E, where we focus on the effects of varying condenser diameters. Retaining
the optimized heat pipe diameter of 25 mm from the previous comparisons, we evaluated
how the system performance adjusts to condenser diameters of 150 mm, 100 mm, and
85 mm in Simulations S6, S7, and S10, respectively, while all other variables were held
constant.

Table 6. Characteristics of Condenser Diameter Variations in Group E Simulations.

Comparison Group ID Parameter Variation and Values

Constant Parameters

Coil Height
[mm] Qsa [L/min]

HP
Diameter

[mm]
Tpin [◦C]

Group E
S6

Condenser
diameter [mm]

150
1916 0.05 25 70S7 100

S10 85

Groups F and G, detailed in Table 7, explore the impact of varying primary agent inlet
temperatures. With condenser diameters of 100 mm for Group F and 85 mm for Group
G carried forward from previous studies, these groups investigate the thermal response
of the system to inlet temperatures ranging from 50 ◦C to 70 ◦C and 90 ◦C, respectively,
keeping all other system parameters constant. Simulations S8, S7, and S9 constitute Group
F, while S12, S10, and S11 form Group G. These groups presented below enable us to isolate
and examine the impact of the primary agent inlet temperature variations on the system’s
thermal efficiency.
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Table 7. Characteristics of Primary Agent Inlet Temperature Variations in Group F and Group G
Simulations.

Comparison Group ID Parameter Variation and Values

Constant Parameters

Condenser
Diameter

[mm]
Qsa [L/min]

HP
Diameter

[mm]

Coil
Height
[mm]

Group F
S8

Primary agent inlet
temperature
(Tpin [◦C])

90
100

0.05 25 1916

S7 70
S9 50

Group G
S12 90

85S10 70
S11 50

3. Results and Discussion

The results of the 12 numerical simulations conducted to assess our heat recovery and
storage system are analyzed based on specific boundary conditions and configurations
from Tables 1 and 2. The figures presented below offer a visual depiction of the melting
progression (MF) and temperature variations (T) across the system, captured through
cross-sectional views, after 4 h of operation. Although the simulations we ran did not
reach a stable state within the 4 h real-time duration, we deliberately chose this time frame
with consideration of both computational efficiency and the scope of our study, which
encompassed numerous designs. The 4 h window provided sufficient time to discern
the effects of each parameter on the system’s early thermal response, providing valuable
insights while managing the extensive computational demand required for multiple long-
duration simulations.

In the forthcoming discussions, we will analyze the results according to the groups
outlined in Tables 3–7 from the previous section, examining the specific effects of individual
parameter changes on system performance. Graphical representations will be provided
for each group to accompany these discussions, illustrating the percentage of melted
phase change material and the temperature of the secondary agent at the coil’s outlet. In
order to properly understand the flow characteristics within our system, we determined
the Reynolds numbers for each simulated scenario. The results are presented in Table 8,
showing that every scenario maintains a laminar flow profile, as the Reynolds number is
smaller than 2300.

Table 8. Reynolds number.

Secondary Agent

Simulation No. Temperature
[◦C]

Volume Flow Rate
[L/min] Reynolds Regime

S1 15 1 1240.6 Laminar
S2 15 0.1 124.1 Laminar
S3 15 0.05 62.0 Laminar
S4 15 1 1240.6 Laminar
S5 15 0.1 124.1 Laminar
S6 15 0.05 62.0 Laminar
S7 15 0.05 62.0 Laminar
S8 15 0.05 62.0 Laminar
S9 15 0.05 62.0 Laminar
S10 15 0.05 62.0 Laminar
S11 15 0.05 62.0 Laminar
S12 15 0.05 62.0 Laminar
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3.1. Comparative Analysis: Secondary Agent Flow Rate Variation in Group A

Figure 4 showcases cross-sectional views that capture the system’s thermal behavior
and melting progression after 14,400 s of real flow time, highlighting the thermal behavior
and melting patterns for this group’s simulations.
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Figure 4. Cross-sectional melting fraction (MF) and temperature (T) contours of Group A.

In Group A, the variations in secondary agent flow rate yield insightful trends regard-
ing the melting fraction of the phase change material (PCM) and the outlet temperature of
the system. As shown in the provided data in Figure 5a,b, a clear dependency is observed
between the flow rate and the system’s thermal performance. The melting fraction of the
PCM, represented as a percentage of total mass, demonstrates a progressive increase over
the 4 h duration for all flow rates. Notably, the simulation with the lowest flow rate, S3-MF
(0.05 L/min), exhibits a significantly higher melting fraction, reaching 30.71% at 14,400 s,
compared to 20.49% for S1-MF (1 L/min).

Figure 5. (a) Melting fraction percentage over time for Group A simulations; (b) Secondary agent
outlet temperature profile over time in Group A simulations.

Consistent with the melting fraction observations, the outlet temperatures of the
secondary agent also display an increase as the flow rate diminishes, as can be seen in
Figure 5b. The S1-T’s output temperature, which slightly exceeds the initial temperature,
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indicates limited heat transfer. Conversely, S3-T reaches an outlet temperature of 21.15 ◦C,
demonstrating a substantially more effective heat transfer process. This elevated tempera-
ture is indicative of the secondary agent’s greater thermal absorption, aligning with the
system’s goal to maximize heat extraction.

3.2. Comparative Analysis: Coil Length Variation in Group B and Group C

Figure 6 provides cross-sectional views that depict the system’s thermal behavior and
melting trends over 4 h of real flow time, accentuating the impact of coil length on melting
patterns and thermal dynamics in Group B’s simulations.
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Figure 6. Cross-sectional melting fraction (MF) and temperature (T) contours of Group B.

The data for Group B indicate that the half-length coil in Simulation S4 leads to a higher
melting fraction over time compared to the full-length coil in Simulation S1. At the 4 h mark,
S4-MF achieves a melting fraction of 30.64%, which is significantly greater than the 20.49%
seen in S1-MF. In contrast to the melting fraction data in Figure 7a, the final temperature of
the secondary agent indicates that S1-T operates slightly better than S4-T, with a recorded
temperature of 15.43 ◦C compared to 15.24 ◦C after 4 h, as shown in Figure 7b, suggesting
that a longer coil may be more effective in transferring heat to the secondary agent.

Figure 7. (a) Melting fraction percentage over time for Group B simulations; (b) Secondary agent
outlet temperature profile over time in Group B simulations.
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Figure 8 presents the cross-sectional melting fraction (MF) and temperature (T) con-
tours for Group C, where the secondary agent flow rate is set at 0.1 L/min, contrasting a
full-length coil in S2 with a half-length coil in S5 to visualize their respective impacts on
the system’s thermal efficiency and PCM melting behavior.
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Figure 8. Cross-sectional melting fraction (MF) and temperature (T) contours of Group C.

The data in Figure 9a illustrate that reducing the flow rate to 0.1 L/min impacts the
melting fraction of the PCM. In S5-MF, with the half-length coil, we see a higher melting
fraction across the time spectrum, peaking at 30.80% after 4 h, compared to 26.17% in
S2-MF with the full-length coil. Upon examining the outlet temperatures for S2-T and
S5-T, it becomes evident that the half-length coil of S5-T does not achieve a significant
temperature increase at the outlet as the full-length coil of S2-T does. After 4 h, S5-T reaches
an outlet temperature of 17.21 ◦C, whereas S2-T attains a marginally higher temperature
of 18.67 ◦C. Using a half-length coil at a lower flow rate can increase the amount of phase
change material that melts. However, a full-length coil may be more effective in heating
the secondary agent to a higher exit temperature, which is advantageous in systems that
require higher exit temperatures.

Figure 9. (a) Melting fraction percentage over time for Group C simulations; (b) Secondary agent
outlet temperature profile over time in group C simulations.
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3.3. Comparative Analysis: Heat Pipe Diameter Variation in Group D

Figure 10 delves into a comparative analysis of heat pipe diameter variation in Group
D. We have retained the optimized secondary agent flow rate of 0.05 L/min and the full-
length coil from prior simulations while investigating the impact of enlarging the heat pipe
diameter from 15 mm in S3 to 25 mm in S6.
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Figure 10. Cross-sectional melting fraction (MF) and temperature (T) contours of Group D.

The melting fraction data for Group D in Figure 11a show a distinct increase when
using a heat pipe with a larger diameter. Simulation S6-MF, with a 25 mm diameter heat
pipe, exhibits a consistently lower melting fraction compared to S3-MF, which has a 15 mm
diameter. At the end of the 4 h period, S3-MF achieves a higher melting fraction of 30.71%,
suggesting that the smaller diameter pipe is more effective in transferring heat to the
PCM. The outlet temperature trends for S3-T and S6-T reveal that the secondary agent’s
temperature is consistently higher in S3-T throughout the 4 h period. Ending at 21.15 ◦C,
S3-T’s temperature is higher than S6-T’s (20.47 ◦C). This indicates that the heat pipe with
the smaller diameter is more effective at heating the secondary agent within the given flow
rate and coil configuration.

Figure 11. (a) Melting fraction percentage over time for Group D simulations; (b) Secondary agent
outlet temperature profile over time in Group D simulations.



Sustainability 2024, 16, 7013 17 of 24

3.4. Comparative Analysis: Condenser Diameter Variation in Group E

Figure 12 shifts our focus to a comparative analysis of condenser diameter variation in
Group E. Maintaining the previously optimized flow rate of 0.05 L/min and the full-length
coil configuration, alongside a 25 mm heat pipe, we now examine the implications of
condenser diameter changes. This group compares the effects of varying the condenser
diameter from an initial 150 mm in S6 to 100 mm in S7 and finally to 85 mm in S10.
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Figure 12. Cross-sectional melting fraction (MF) and temperature (T) contours of Group E.

The data in Figure 13a for Group E show a pronounced effect of condenser diameter
on the melting fraction. As the diameter decreases, there is a notable increase in the melting
fraction percentage. By the end of the 4 h period, S10-MF with the smallest diameter
(85 mm) reaches the highest melting fraction of 95.24%, followed by S7-MF (100 mm)
with 88.32%, and S6-MF (150 mm) with 28.19%. The outlet temperatures represented in
Figure 13b correspondingly reflect the effects of condenser diameter reduction. S10-T
demonstrates the greatest increase in outlet temperature, concluding at 28.85 ◦C, indicative
of the most significant heat absorption by the secondary agent. The final temperatures of
S7-T and S6-T are 27.95 ◦C and 20.47 ◦C, respectively, demonstrating that the secondary
agent leaves the system at a higher temperature after taking greater amounts of heat when
the condenser diameter decreases.

Figure 13. (a) Melting fraction percentage over time for Group E simulations; (b) Secondary agent
outlet temperature profile over time in Group E simulations.
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3.5. Comparative Analysis: Primary Agent Inlet Temperature Variation in Group F and Group G

In Group F represented in Figure 14, we extend our examination by keeping constant
the optimized parameters from previous groups: a secondary agent flow rate of 0.05 L/min,
a full-length coil, a heat pipe diameter of 25 mm, and a condenser diameter of 100 mm. We
shifted our focus to explore the impact of the primary agent’s inlet temperature variation,
observing the effects at 70 ◦C in S7, increasing to 90 ◦C in S8, and decreasing to 50 ◦C in S9.
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Figure 14. Cross-sectional melting fraction (MF) and temperature (T) contours of Group F.

The melting fraction data in Figure 15a illustrate a clear trend: higher inlet tempera-
tures facilitate a greater degree of the phase change material’s melting over time. Simulation
S8-MF, operating at a 90 ◦C inlet temperature, achieves a significantly higher melting frac-
tion, peaking at 95.22% after 4 h. This is in contrast to S7-MF, which reaches 88.32% at a
70 ◦C inlet temperature, and Simulation S9-MF, which only attains 68.64% at the lower
50 ◦C temperature. These results indicate that the phase change process is highly sensi-
tive to the temperature of the primary agent, with higher temperatures accelerating the
melting substantially.

Figure 15. (a) Melting fraction percentage over time for Group F simulations; (b) Secondary agent
outlet temperature profile over time in group F simulations.
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As shown in Figure 15b, the outlet temperature trends follow a similar pattern. Simula-
tion S8-T exhibits the greatest secondary agent outlet temperature, peaking at 33.66 ◦C, due
to its higher inlet temperature for the primary agent. This is significantly higher compared
to S7-T’s 27.95 ◦C and S9-T’s 22.51 ◦C, concluding that the temperature of the primary
agent directly influences the secondary agent’s heat absorption capabilities. Notably, S8-T’s
elevated outlet temperature suggests that the system is highly effective in transferring heat
from the primary agent to the secondary agent, maximizing the potential for heat recovery.

Group G extends our systematic exploration by maintaining a condenser diameter of
85 mm and assessing the system’s response to varied primary agent inlet temperatures.
This analysis explores the thermal efficiency and phase change behavior at three different
inlet temperatures: 70 ◦C for S10, 90 ◦C for S12, and 50 ◦C for S11. The corresponding
thermal effects and phase change process are visually captured in Figure 16, which presents
the cross-sectional melting fraction (MF) and temperature (T) contours for Group G.
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Figure 16. Cross-sectional melting fraction (MF) and temperature (T) contours of Group G.

The melting fraction data for Group G in Figure 17a reveal that the PCM melting is
significantly influenced by the primary agent’s inlet temperature, particularly within the
smaller 85 mm condenser diameter.

Simulation S12-MF, with the highest inlet temperature of 90 ◦C, consistently exhibits
the greatest melting fraction, achieving near completion with 98.80% melted after 4 h.
Simulation S10-MF, at a moderate 70 ◦C, shows a substantial melting fraction as well,
but Simulation S11-MF with the lowest temperature of 50 ◦C, reached only 84.14%. This
clearly demonstrates that higher inlet temperatures are more conducive to the phase change
process, especially when combined with a smaller condenser diameter. Addressing the
outlet temperatures of the secondary agent, Simulation S12-T outperforms the others,
achieving an ending temperature of 33.95 ◦C, as shown in Figure 17b. This suggests that
the secondary agent is capable of absorbing greater amounts of heat at higher primary
temperatures, regardless of the assembly’s smaller dimensions. Simulations S10-T and
S11-T conform to the aforementioned pattern, concluding at temperatures of 28.85 ◦C and
23.46 ◦C, respectively. The findings indicate that using an 85 mm condenser diameter is
effective in transferring the thermal energy of the primary agent to the secondary agent.
Higher inlet temperatures lead to greater heat gain, which is advantageous for systems that
aim to achieve higher outlet temperatures for the secondary agent.
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Figure 17. (a) Melting fraction percentage over time for Group G simulations; (b) Secondary agent
outlet temperature profile over time in Group G simulations.

3.6. Summary of Findings

Upon analyzing Group A, it is evident that varying the flow rate of the secondary
agent significantly impacts the thermal dynamics of the system. A lower flow rate results
in a higher melting fraction and elevated outlet temperatures, indicating improved heat
absorption and transport capacity. Although a steady state was not reached within the 4 h
simulation, the observed patterns provide valuable insights for enhancing the early stage
effectiveness of the heat recovery system. Results from Group B demonstrate that while
a shorter coil enables more energy storage by melting more PCM, it does not necessarily
improve the system’s ability to efficiently transfer this stored energy to the secondary agent
as effectively as a longer coil. Therefore, when both high energy storage and efficient heat
transfer are desired, the coil length becomes a critical consideration. Balancing the melting
fraction and heat transfer rate is essential for optimizing system performance. Group C’s
simulations show that combining a lower secondary agent flow rate with a half-length
coil enhances PCM melting, indicating improved energy storage efficiency. However, the
longer coil proves more effective at raising the outlet temperature of the secondary agent,
highlighting its superior heat transfer capabilities. This suggests that while a half-length
coil maximizes phase change and storage, a full-length coil excels at heat transfer, requiring
a balance to optimize both thermal storage and heat delivery.

In Group D, findings emphasize the importance of selecting the appropriate heat pipe
diameter to balance effective heat absorption from the primary agent and efficient heat
transfer to both the PCM and the secondary agent. A reduced diameter increases heat
transfer efficiency, underscoring the need for careful consideration of this parameter during
the design phase to maximize system effectiveness. The findings from Group E highlight
the significant impact of condenser diameter on heat recovery system performance. Smaller
diameters improve both PCM melting and secondary agent outlet temperatures. However,
balancing these benefits with the overall system design is crucial, particularly concerning
PCM volume, which affects energy storage capacity. Optimizing system performance
without compromising energy storage requires careful consideration of both condenser
diameter and PCM volume. Group F reveals that higher primary agent inlet temperatures
substantially increase PCM melting efficiency and secondary agent outlet temperatures.
This underscores the importance of selecting an appropriate temperature range for the
primary heat source, considering the specific needs and capabilities of the heat recovery
equipment. Using a higher temperature source maximizes thermal output and enhances
overall heat transfer performance, emphasizing the need for proper primary agent tem-
perature selection. Results from Groups F and G demonstrate that the primary agent’s
inlet temperature is crucial in optimizing PCM melting and enhancing heat extraction
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capabilities. The correlation between primary agent inlet temperature and an optimized
condenser diameter significantly amplifies the system’s heat transfer capacity, highlighting
the importance of these parameters in maximizing system performance.

In general, it can be concluded that lower secondary agent flow rates, higher primary
agent inlet temperatures, and smaller condenser diameters consistently enhance the sys-
tem’s thermal efficiency. These findings can be generalized to similar heat recovery systems
aiming for improved heat absorption and transfer efficiency. However, specific design
parameters such as coil length and heat pipe diameter need to be carefully selected based
on the particular configuration and operational conditions of the system. These specific
findings may not be universally applicable without considering the unique aspects of each
system’s design, operation, and intended application.

3.7. Limitations of the Study and Future Research Directions

While our study provides valuable insights into the optimization of heat recovery
systems, several limitations should be acknowledged. The scope of our numerical simula-
tions was limited to specific parameters and configurations, which may not encompass all
real-world scenarios. Additionally, the study currently lacks experimental validation, as
the ongoing experimental work will be presented in subsequent research. Our numerical
model includes necessary assumptions and simplifications, such as imposed conditions
and not including internal phase change processes within the heat pipe, to streamline the
analysis. Furthermore, the academic version of ANSYS used in this study posed limitations
on the element count. Despite these considerations, our results offer a robust framework
for further exploration and development in heat recovery system optimization.

There are several research questions that remain unanswered, necessitating further
investigation. Future studies should focus on experimentally validating the numerical find-
ings to confirm the model’s accuracy and reliability under real-world conditions. Including
the internal phase change processes within heat pipes in the overall system analysis could
provide a more comprehensive understanding of heat transfer dynamics and improve
model precision. Additionally, exploring a broader range of parameters and configurations
can help generalize the findings and enhance their applicability to various domestic and
industrial settings. Assessing the long-term performance and durability of the optimized
heat recovery systems under continuous operation is important for understanding their
practical viability and maintenance needs. Exploring other phase change materials with
superior thermal storage properties could lead to improved thermal performance and
efficiency. Moreover, integrating heat recovery systems with renewable energy sources,
such as solar thermal panels, can enhance sustainability and overall energy efficiency.
Finally, conducting a detailed economic analysis, including cost-benefit and return-on-
investment studies, can provide insights into the financial feasibility and attractiveness of
implementing these systems.

Future studies addressing these questions will contribute to a more comprehensive
understanding and development of efficient heat recovery systems, facilitating the devel-
opment of practical applications in both the residential and industrial sectors.

4. Conclusions

A comprehensive heat recovery system was systematically analyzed through a series
of 12 simulations, with each one optimizing various operating parameters. The thermal
performance of the system was analyzed by methodically changing variables such as the
flow rate of the secondary agent (1 L/min, 0.1 L/min, and 0.05 L/min), the length of the coil
(474 mm and 244 mm), the diameter of the heat pipe (15 mm and 25 mm), and the size of the
condenser (150 mm, 100 mm, and 85 mm). This analysis concluded with an investigation of
the primary agent’s inlet temperature (90 ◦C, 70 ◦C, and 50 ◦C). This methodical approach
provided insight into the effects of the aforementioned variables on the efficiency of the
system, both individually and collectively. Empirical data from numerical simulations



Sustainability 2024, 16, 7013 22 of 24

established a robust framework for evaluating the system’s performance, revealing the
following key insights:

• By varying the secondary agent’s flow rate, it was possible to observe that slower rates
greatly improve heat absorption and transfer, as shown by higher final temperatures
and melting fractions;

• Similarly, the choice of coil length was shown to affect energy storage and heat transfer,
as shorter coils enhance the melting of PCM while longer coils facilitate superior
heat transfer;

• Furthermore, optimizing the heat pipe and condenser diameters was found to be
important, as smaller diameters facilitated better heat transfer and increased the
melting fraction, though careful attention must be paid to the overall volume of PCM
to avoid limiting energy storage capacity;

• The temperature of the primary agent also played an important role, with higher tem-
peratures leading to more efficient melting of the PCM and enhanced thermal output;

• Among all the simulations conducted, Simulation S12 demonstrated the most promis-
ing results after a 4 h flow time, achieving a remarkable melting fraction of 98.8% and
an increase of 18.95 ◦C in the secondary agent’s outlet temperature. In contrast, Simu-
lation S5 highlighted areas for potential enhancement, achieving only a 30.80% melting
fraction and a relatively small temperature gain of 2.21 ◦C for the secondary agent;

In summary, the study highlights the need for optimizing components in heat recovery
systems. Strategic adjustments can lead to significant improvements in thermal efficiency.
Such systems are beneficial in industrial applications, where they can recover thermal
energy from wastewater processes, store surplus thermal energy in phase change materials,
and use this energy to prepare domestic hot water or for other purposes, thereby providing
prolonged hot water availability. Further investigations could explore the integration of
multiple high-performance heat pipes and superior phase change materials to advance the
system’s design. Adjusting constructive dimensions and experimenting with innovative
materials could lead to systems that are not only highly efficient but also scalable and
suitable for industrial or domestic applications. Moreover, employing advanced experi-
mental design methods such as the Taguchi method could further enhance our ability to
efficiently optimize these systems. This comprehensive approach will ensure that future
heat recovery systems are optimized for real-world settings, offering cost-effectiveness and
environmental sustainability.

To maximize the benefits of these systems, it is recommended that policymakers
introduce incentives for the adoption of optimized waste heat recovery systems in both
residential and industrial sectors. Such policies could drive the implementation of these
efficient technologies, resulting in increased energy savings, reduced operational costs, and
significant environmental advantages.
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Nomenclature

HP Heat pipe
HPHE Heat pipe heat exchanger
MF Melting fraction [%]
PCM Phase change material
Qsa Secondary agent flow rate [L/min]
T Temperature [◦C]
Tpin Inlet temperature of the primary agent [◦C]
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Abstract: The implementation of energy-saving measures has a substantial and beneficial impact
on the preservation of energy resources as well as the reduction of carbon dioxide emissions. This
study focuses on the design and experimental analysis of a water-to-air heat recovery system aimed
at capturing waste heat from wastewater and transferring it to a fresh cold air stream using heat
pipe technology. The research problem addressed in this study is the efficient recovery of low-grade
thermal energy from wastewater, which is often underutilized. The prototype heat recovery unit
was designed, manufactured, and tested in the laboratory to assess its performance across various
operating conditions. The experimental setup included a system where the primary agent, hot water,
was heated to 60 ◦C and circulated through the evaporator section of the heat recovery unit, while
the secondary agent, fresh air, was forced through the condenser section. The system’s performance
was evaluated under different air velocities, ranging from 3.5 m/s to 4.5 m/s, corresponding to
airflow rates of 207.1 m3/h and 268.6 m3/h, respectively. The study employed analytical methods
alongside empirical testing to determine the effectiveness of the heat recovery system, with the
global heat transfer coefficient calculated for different scenarios. The efficiency of the system varied
between 25% and 51.6%, depending on the temperature and speed of the fresh air stream. The most
significant temperature difference observed between the inflow and outflow of the fresh air stream
was 16.8 ◦C, resulting in a thermal output of 1553 W. Additionally, the average (mean) overall heat
transfer coefficient of the unit was calculated to be 49 W/m2 K, which aligns with values reported in
the literature for similar systems. The results demonstrate the potential of the designed system for
practical applications in energy conservation and carbon emission reduction.

Keywords: waste heat recovery; heat pipe; energy saving; heat exchanger; heat transfer

1. Introduction

In the context of finding sustainable solutions to mitigate the impact of climate change,
reducing global carbon dioxide (CO2) emissions to net zero by 2050 is an urgent issue that
requires immediate attention. A recent analysis conducted by the IEA in 2022 revealed
that energy-related CO2 emissions escalated to an all-time high in 2021, soaring by 6%
compared to the previous year [1]. As pointed out in the IEA’s 2021 investigation, major
changes are needed in the production of energy, transportation, as well as consumption if
we are going to achieve this ambitious objective by 2050 [2]. In other words, to accomplish
this objective, a comprehensive and strategic approach is required that encompasses all
aspects of the energy sector, from production to consumption. Waste heat recovery has
been highlighted as a viable strategy for lowering carbon emissions and supporting sus-
tainability [3]. This approach not only lowers carbon emissions but also increases energy
efficiency and contributes to the system’s overall sustainability by capturing wasted heat
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from various industrial operations and converting it back into useful energy [4]. The in-
creasing popularity of waste heat recovery systems is reflected in the numerous studies that
have focused on improving their efficiency and effectiveness in capturing and repurposing
surplus heat [5].

To capture, recover, and exchange heat in industrial processes, various systems have
been developed, such as plate heat exchangers [6], waste heat boilers [7], heat pipe sys-
tems [8], and others [9]. These types of technologies play an important role in increasing
long-term sustainability and energy efficiency in a variety of industries as they allow
thermal waste from ongoing operations to be recovered and converted into use for other
purposes like heating and the production of energy.

Due to their superior features when it comes to heat pipes, heat pipe heat exchangers
stand out among these technologies [10]. Heat-pipe-based heat recovery systems have been
extensively investigated in recent years for their potential to recover waste heat in various
sectors. Successful applications have been reported in areas such as heating, ventilation and
air conditioning [11–13], photovoltaic–thermal systems [14,15], the steel industry [16,17],
the ceramic kiln industry [18], the aluminum industry [19], thermal storage [20], and
other sectors.

In light of the aforementioned, heat pipes possess vast potential for implementation
in various applications of waste heat recovery. Numerous studies have offered valuable
insights into the effective utilization of heat pipes for this purpose, highlighting their
versatility. As identified in the literature, a broad variety of heat pipe heat exchangers are
available, each adapted to a particular application.

In a recent study, ref. [21] evaluated the performance of a heat pipe flue gas waste heat
utilization system installed in front of the inlet of an electrostatic precipitator of a boiler.
The results showed that the heat exchanger achieved an average flue gas temperature
drop of 26.3 ◦C, a reduced temperature deviation of 8.1 ◦C, and had the potential to
reduce coal consumption by 1.3 g/(kW h) through increased condensate temperature. In a
relevant study, ref. [22] performed research aiming to design and construct a heat pipe heat
exchanger to recover waste energy from flue gas in a city gate station and to evaluate the
resulting energy savings. The results showed that the use of heat pipes reduced natural gas
consumption by 510,132 SCM per year and prevented 756 tons of CO2 from being emitted
from the city gate station annually.

Given the extensive potential demonstrated by heat pipes in waste heat recovery
applications, it is worth noting a study conducted by [23] that focused on the development
and analysis of a heat pipe inserted plate air–air heat exchanger. The experimental results
highlighted the improved heat transfer performance and high temperature effectiveness
achieved by the heat exchanger. The maximum temperature effectiveness of the heat
exchanger reached 70% in summer conditions and the average annual energy efficiency
ratio while running in different cities was between 3.67 and 12.72.

In the ETKINA project [24], heat pipe heat exchangers (HPHEs) are identified as a
suitable solution for heat recovery in various industrial applications, including aluminum,
steel, and ceramics. The project focuses on achieving a 40% waste heat recovery from
exhaust streams, ensuring a quick payback period. The anticipated results include annual
recoveries of up to 597 MWh, 3020 MWh, and 4003 MWh in each industry, resulting in
a substantial decrease in CO2 emissions. Building upon previous work in the ceramic
industry, ref. [25] further investigated the thermal performance of a heat pipe heat ex-
changer in a ceramic kiln. Their comprehensive study, combining theoretical, experimental,
and numerical analyses, confirms the effectiveness of the system in recovering 876 MWh
per year. The results demonstrate quick response times and great thermal performance,
proving the heat recovery system’s potential even further.

Heat pipes offer superior heat transfer performance and have been integrated into
solar systems to overcome limitations [26] as a result of numerous studies showing their
advantages. Also, by combining heat pipes with phase change materials (PCM), overall
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heat transfer rates can be enhanced, leading to greater efficiency and performance in various
thermal energy applications [27].

In their study, [28] designed a new solar air collection system that uses flat-plate micro
heat pipe arrays and evaluated its thermal performance. The experiments were conducted
at different volume flow rates to analyze the energy and exergy aspects. The key findings
indicated that the system exhibited good heat storage and release performance, with an
average collection efficiency of 35.8% and average storage efficiencies of 67.5% and 87.5%
for latent heat storage units I and II, respectively.

In another study, [29] designed and tested a combined thermal storage system using
solar Fresnel lenses, heat pipes, and phase change materials (PCM) for efficient heat transfer
and long-term heat storage. The findings demonstrated the system’s efficacy in efficiently
storing heat energy using paraffin wax as the PCM, achieving a maximum energy storage
of 730 kJ and over 6 h of heat retention. To optimize the system’s performance, the study
suggests insulating the heat collector and increasing the number of heat pipes to enhance
heat transfer rates and reduce solidification time for the paraffin wax.

The potential of wastewater in terms of its thermal energy content, ranging from
10 to 25 ◦C [30], has been emphasized in a series of review papers. In line with this perspec-
tive, ref. [31] conducted a comprehensive literature review on wastewater heat recovery
(WWHR) throughout the sewer system, exploring temperature dynamics, environmental
impact, and legal regulations. While specific heat exchanger design and performance as-
pects are covered in related review papers [32,33], all these studies consistently underscored
the significant potential of harnessing heat energy from wastewater for preheating water or
space heating purposes in buildings.

In a study conducted by [13], researchers employed Computational Fluid Dynamics
(CFD) Heat Transfer Analysis to examine the performance of an innovatively designed
HPHE for efficient waste heat recovery in buildings. The primary objective was to develop
a heat exchanger capable of preparing domestic hot water and thermal agents while
effectively preheating or heating ventilation air. The experimental results showcased the
proposed device’s notable advantages, including exceptional heat recovery efficiency, cost-
effective manufacturing, ease of installation, and user-friendly operation. The analysis
demonstrated the effectiveness of the heat pipe heat exchanger, achieving high temperatures
for the secondary agent and showcasing the feasibility of the design.

The extraction and utilization of waste heat has generally relied on commercially
accessible devices like heat exchangers and heat pumps. According to the aforementioned
research in this paper, there is tremendous potential for using waste heat by integrating
PCMs into heat transfer systems. This innovative technique revolutionizes waste heat use
by separating the heat capturing process from wastewater and integrating heat transfer
and storage within a single device. This advancement not only enhances the efficiency of
heat harnessing but also introduces a new level of flexibility in utilizing this waste heat,
surpassing the limitations of current commercial technologies.

Exploring the topic, ref. [34] introduced a two-stage heat recovery–storage system that
holds great potential for minimizing thermal energy losses in the industry. Their system
incorporates heat pipes for energy recovery from wastewater and an environmentally
friendly phase change material (PCM) for storage. Experimental tests revealed a peak
efficiency of 78.1% and significant thermal energy recovery. This study highlights the
potential of the system to address the industry’s thermal energy losses and emphasizes the
need for further research to achieve sustainable energy consumption.

In the non-industrial sector, researchers proposed a unique method for converting
low-grade heat from greywater into cold water by integrating a phase change material into
a single heat exchanger. The study presented a methodology for optimal PCM selection
and heat transfer enhancement. The results showed that the installation of this PCM-HE in
a four-member UK household can result in substantial energy savings and a payback time
of 4.44 years [35].
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In this comprehensive study, our aim was to design and investigate the performance of
a water-to-air heat recovery unit that uses heat pipes to extract heat energy from wastewater
and transfer it to a fresh air stream. The prototype of the heat recovery unit was designed
and manufactured in the laboratory of the Faculty of Civil Engineering and Building
Services at the Technical University “Gheorghe Asachi” of Iasi, Romania. To evaluate the
performance of the system, the equipment was subjected to experimental investigations
confirmed by an analytical approach.

While previous research has explored similar concepts, our study contributes to the
ongoing research efforts by providing a comprehensive analysis of analytical data and
experimental data. This approach enhances our understanding of the system’s performance
and its potential for real-world applications. Through this research, we aim to promote heat
recovery from wastewater and inspire further advancements in the field of heat recovery
systems that take advantage of the complementary advantages of heat pipes. Moreover, our
findings underscore the importance of continued research in this domain to refine system
designs and unlock its full potential across diverse applications.

2. Materials and Methods
2.1. The Design of the Heat Pipe Heat Recovery System

The water-to-air heat recovery unit is purposefully designed to harness the thermal
energy present in wastewater and effectively transfer it to a fresh air stream.

This equipment comprises two distinct zones: the evaporator and the condenser. To
ensure complete segregation of the two fluid streams, a separating flange is strategically
placed between the two zones, preventing cross-contamination. Inside the heat recovery
unit, a set of fourteen vertically oriented heat pipes acts as a highly effective heat conductor,
optimizing heat transfer from the heat source. The evaporator, condenser, and separation
flange are made of stainless steel and the heat pipes are made of copper. Utilizing water
as the working fluid, these gravitational heat pipes have been designed and optimized
through extensive experimental testing [36]. Detailed construction specifications of the
heat recovery unit can be found in Table 1.

Table 1. Constructive details of the components.

Component Height [m] Diameter [m]

Evaporator 0.400 0.250
Condenser 0.645 0.250

Separation flange 0.010 0.300
Heat pipes 1.000 0.015

Diameter inlet/outlet primary agent - 0.015
Diameter inlet/outlet secondary agent - 0.150

The 3D model was designed using Autodesk Inventor 2021 software. A visual repre-
sentation of the heat recovery system components described can be observed in Figure 1,
providing a schematic overview.

2.2. Experimental Setup

The water-to-air heat recovery unit has been constructed, and an experimental test
stand has been established for precise testing and evaluation. The primary agent used in
the experiment is hot water, generated by an 8-kW electric heating unit set to the required
temperature for the experiment. To facilitate the flow of hot water, a pump is integrated
into the electric heating unit, ensuring efficient circulation throughout the system. The
primary circuit comprises thermally insulated stainless steel pipes with a diameter of
0.02 m, connecting the evaporator to the heating unit. For the secondary agent circuit, the
air circuit, a stainless-steel pipe with a diameter of 0.125 m, is utilized, supported by a
9-speed fan to ensure optimal air circulation. The air velocity for each stage was measured
using a digital anemometer, placed at the inlet of the condenser. The mean air velocity in
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the circular duct was determined using the Insize 9331-40 digital anemometer (Suzhou,
China), which features an integrated function for calculating the average air velocity and
has a precision of ±2%.
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Given that the Insize 9331-40 digital anemometer’s impeller has a smaller diameter
than the air duct, a potential error in measuring the average flow velocity was anticipated.
To mitigate this, the anemometer was centrally positioned in the duct where the flow is most
uniform, and additional measurements were taken at various points across the duct’s cross-
section. The anemometer’s built-in averaging function, which records and averages the air
velocity over time, was utilized to ensure accurate measurements. Furthermore, a correction
factor based on the cross-sectional area difference between the duct and the impeller was
applied to the recorded velocities. This approach, combined with the device’s precision,
provided a reliable estimate of the average air velocity within the duct. The recorded values
are presented in Table 2. The air inlet of the ductwork is located outside the building,
allowing the air temperature to vary with atmospheric conditions. The temperatures were
measured using an LT BTM-420SD electronic thermometer (Coopersburg, PA, USA), which
has a precision of ±0.4%. The temperature sensors were strategically placed at the inlet
and outlet of both the evaporator and the condenser to ensure accurate monitoring and
data collection during the performance evaluation of the heat recovery system.

Table 2. Average temperature of air at the inlet/outlet of the condenser.

Test No.
Fan Speed 3.5 [m/s] Fan Speed 4.5 [m/s]

T1,air—Inlet [◦C] T2,air—Outlet [◦C] T1,air—Inlet [◦C] T2,air—Outlet [◦C]

Test 1 −2.9 13.9 −3.9 12.2
Test 2 −0.4 15.0 2.4 16.7
Test 3 1.7 16.3 4.1 17.2
Test 4 2.6 17.2 5.0 17.2
Test 5 3.8 17.6 5.9 18.2
Test 6 4.8 18.1 8.2 18.9
Test 7 5.7 18.8 12.9 20.9
Test 8 6.6 19.3 14.6 22.6
Test 9 7.5 19.6 15.7 23.2

The equipment’s primary objective is to preheat or warm the air introduced into
the building during cold periods, enhancing comfort and energy efficiency. For a visual
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representation, Figure 2 illustrates the detailed model of the experimental stand as currently
present in the laboratory.
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4—Fan speed control switch, 5—LT BTM-420SD electronic thermometer, 6—Fan.

2.3. Tests Performed

In the following stage, the air-to-water heat exchanger was subjected to a comprehen-
sive series of tests to evaluate its efficiency. The water temperature and velocity at the inlet
of the evaporator were maintained constantly at 60 ◦C and 2.25 m/s, respectively. The air
velocity at the condenser’s inlet is determined by the fan’s setting. Measurements were
taken for two fan speeds, 3.5 m/s and 4.5 m/s, which have the corresponding cooling
airflow rates of 207.1 m3/h and 268.6 m3/h, respectively. As the introduced air is drawn
directly from the outside of the building, its temperature cannot be controlled. Each test
lasted for 60 min, with the inlet temperature of the air fluctuating based on the outdoor air
temperature. To facilitate analytical calculations and comparisons, an average temperature
was calculated both at the inlet and outlet of the condenser. The fluctuation in average
air temperatures at the equipment’s inlet are attributed to the tests being carried out on
separate days. Table 2 provides an overview of these measurements.

3. Results and Discussion
3.1. Experimental Results

A series of 18 experimental tests were carried out to investigate the performance and
efficiency of the equipment under various conditions by manipulating the temperature
and air velocity at the inlet of the condenser. The mean air temperature at the outlet
of the evaporator was determined by calculating the arithmetic average of the sensor
readings taken after the initial 15-min period, during which the temperature reached a stable
state. The findings have been summarized and highlighted in Table 2. The temperature
measurements presented in the following tables and figures have an associated error of
±0.4% due to the accuracy of the thermometer and ±1.5 ◦C due to the accuracy of the
thermocouple.

To facilitate the visualization of air heating dynamics using the temperature acquired
from the heat pipes, we calculated the temperature difference between the average air
temperature at the condenser’s outlet and inlet. This analysis was conducted for both cases
with air velocities of 3.5 m/s and 4.5 m/s, revealing that the difference in temperature
between the inlet and outlet increases as the outdoor air temperature drops. These empirical
findings have been presented graphically in Figure 3.
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Figure 3. Temperature difference of air between outlet and inlet.

3.2. The Efficiency of the Equipment

In order to quantify the quantity of energy recovered by the heat pipes from the
water and subsequently transmitted to the fresh air flow, the thermal heat flow rates were
calculated for both the evaporator and condenser in accordance with Equation (1).

Q = CEv(T2,air − T1,air) = CCo(T2,water − T1,water) (1)

Equation (2) offers an approach for determining the rate of heat transfer within the
heat recovery system. The heat capacity rates for the evaporator (CEv) and the condenser
section (CCo) can be established by multiplying the mass flow rate with the specific heat
capacity related to the respective section. The efficiency of the equipment for each test is
calculated through the use of Equation (3).

CEv = ṁEv × cp,Ev (2)

ε =
QCo
QEv

(3)

The findings are presented in Figure 4. The influence of external air temperature
on the heat exchanger’s efficiency is less pronounced at lower fan speeds compared to
scenarios with higher air velocity. Notably, during tests 7, 8, and 9, it was observed that
the effectiveness of the equipment drops to 25–27% when the external air temperature is
higher, within the range of 13–15 ◦C.

Nevertheless, its peak efficiency is observed in the higher speed stage during test 1,
where, at an external temperature of −3.92 ◦C, the condenser produced air at 12.23 ◦C,
delivering an equivalent thermal power of 1553 W. Similarly, within the lower speed stage
tests, the highest efficiency was also achieved during test 1, with an inlet air temperature of
−2.91 ◦C, resulting in an outlet temperature of 13.86 ◦C and an equivalent thermal output
of 1254 W.

Figure 5 illustrates the performance of the equipment under its most efficient scenario
during test 1 when the fans speed is 4.5 m/s. T1,air inlet represents the temperature of the
air at the inlet of the condenser while T2,air outlet represents the air temperature at the
outlet of the condenser. It is notable that, after approximately 15 min, the air temperature
at the outlet of the equipment reaches a state of stability, characterized by a constant value.
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Furthermore, the average temperature difference between the outlet and inlet remains at
12.23 ◦C.
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In order to compare the results with the performance of other heat exchangers utilizing
water as the primary agent and air as the secondary agent, the equipment’s overall heat
transfer coefficient was calculated using Equation (4).

k =
QCo

S × ∆tmed
(4)

The average (mean) overall heat transfer coefficient has been determined for each
specific scenario, generating values ranging from 39 to 61 W/m2 K. The average of these
measurements was determined to be 49 W/m2 K, which is within the range of values
reported in the existing literature for the overall heat transfer coefficient of water–air
exchangers. These reported values typically range from 15 to 70 W/m2 K [37].

4. Conclusions

This study aimed to design and experimentally investigate a water-to-air heat recov-
ery system utilizing heat pipe technology to harness waste heat from wastewater and
transfer it to a fresh air stream. The research addressed the challenge of improving energy
efficiency and reducing carbon emissions by leveraging low-grade thermal energy that
would otherwise be wasted. Specifically, the research targets the need for efficient heat
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recovery solutions across residential, commercial, and industrial settings, focusing on the
significant role buildings play in energy consumption and emissions. The heat recovery
system developed in this study can be effectively applied in residential settings, where it
can be coupled with solar thermal panels to preheat or heat incoming air, reducing the
need for conventional heating and enhancing energy efficiency. In industrial settings, such
as in steel and aluminum manufacturing, the system can recover waste heat from processes
to produce preheated air for ventilation or other uses. This application not only improves
energy efficiency but also reduces primary energy consumption and CO2 emissions.

The experimental setup involved a prototype heat recovery unit, which was rigorously
tested under various conditions to evaluate its performance. The system’s efficiency varied
between 25% and 51.6%, depending on the temperature and speed of the fresh air stream.
The global heat transfer coefficient was determined to be 49 W/m2 K, aligning with values
reported in the literature for similar systems.

The results demonstrate that the proposed heat recovery system is a viable solution
for enhancing energy efficiency in HVAC systems and other industrial applications. By
recovering waste heat and repurposing it for air heating, the system can contribute to
significant energy savings and a reduction in CO2 emissions.

In conclusion, the study highlights the potential of heat pipe-based heat recovery
systems in promoting sustainability across various sectors. While this study successfully
demonstrates the system’s ability to achieve substantial temperature increases in the air,
it primarily focused on validating the thermal efficiency of the heat recovery system.
However, we acknowledge that other critical factors such as humidity, pressure, and air
composition, which are essential for assessing overall air quality and system performance,
were not considered in the current study.

Future research should build upon these findings by investigating the impact of the
heat recovery system on additional air quality parameters. Exploring how the system
affects humidity, pressure, and air composition will provide a more holistic understand-
ing of its performance and suitability for various residential, commercial, and industrial
applications. This expanded scope will help optimize the system further and ensure it
meets broader environmental and operational standards, enhancing its applicability across
different sectors.
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Nomenclatures

HPHE Heat pipe heat exchanger
PCM Phase change material
T1,air Average temperature of air at the inlet of the condenser [◦C]
T2,air Average temperature of air at the outlet of the condenser [◦C]
Q Quantity of heat [W]
CEv Heat capacity rate of the evaporator
CCo Heat capacity rate of the condenser
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T1,water Average temperature of water at the inlet of the evaporator [◦C]
T2,water Average temperature of water at the outlet of the evaporator [◦C]
mEv Mass flow rate of water [kg/h]
Cp,Ev Specific heat of water [kg/m3 K]
ε Efficiency
k Average (mean) overall heat transfer coefficient [W/m2 K]
S Area of heat exchange [m2]
∆tmed Logarithmic mean temperature difference [◦C]
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Abstract: This study presents an experimental and numerical investigation into the efficiency of a
two-stage heat recovery–storage system for reducing the thermal energy losses in the industry. The
system is designed to recover and store waste thermal energy from residual fluids using heat pipes
for recovery and an environmentally friendly phase change material for heat storage. Experimental
investigation was conducted using water as the primary agent and varying the temperature between
60 ◦C, 65 ◦C, and 70 ◦C at a constant flow rate of 24 L/min. The secondary agent, also water, was
used at an initial temperature of 10 ◦C and the flow rate was varied between 1 L/min, 2 L/min, and
3 L/min. The results show that the system had a peak efficiency of 78.1% and was able to recover
a significant amount of thermal energy. This study demonstrates the potential of this system to
reduce the thermal energy losses in the industry and highlight the importance of further research
and development in this field, as the industry is responsible for approximately 14% of the total
thermal energy losses and finding efficient ways to recover and store waste thermal energy is crucial
to achieving sustainable energy consumption.

Keywords: heat recovery; heat storage; heat pipe; PCM

1. Introduction

The negative impact of fossil fuels on the climate is well known and humanity is
seeking non-polluting, renewable resources to replace them. The Paris Agreement of 2017
aims to keep the global temperature rise below 2 ◦C by the end of the century, which would
require USD 3.5 trillion in annual investments in renewable and sustainable energy by 2050,
according to a study by the International Energy Agency and International Renewable
Energy Agency. In 2015, USD 1.8 trillion was invested in energy, with 12% going towards
energy efficiency [1].

Heat recovery is a technique that has the potential to contribute to the reduction in
greenhouse gas emissions. The process involves the capture and conversion of residual
thermal energy into useful forms of energy, such as thermal, electrical, or mechanical energy.
The most common forms of residual thermal energy are steam, hot air, or hot water, and the
efficiency of the heat recovery process increases with the temperature of the residual heat.
There are various heat recovery technologies available, including energy recovery heat
exchangers, such as waste heat recovery units. Among these, heat pipe heat exchangers are
considered particularly efficient due to the high thermal conductivity of heat pipes, which
allows for a minimal temperature drop during heat transfer over long distances.

A number of studies have been conducted to evaluate the various types of heat
recovery systems, primarily utilizing residual heat from industrial sources. The sources
of energy that can be recovered in this manner include the heat generated from industrial
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equipment, heat generated from combustion processes, and the heat lost through radiation,
conduction, or convection during industrial processes [2].

Jouhara et al. [3] designed and studied a radiative heat recovery system for recovering
waste heat radiated during the steel manufacturing process. Another study, conducted by
Delpech et al. [4], examined a heat recovery system that captures waste heat from the cooling
of ceramic parts. The results of this study indicate that, at temperatures below 200 ◦C, the
heat transfer is primarily convective, while at higher temperatures, the heat transfer is a
combination of radiation and convection. Other studies have also been conducted on heat
pipe heat recovery systems utilizing flue gases [5] and hot air [6,7] as primary sources. The
waste heat recovery from steam is a well-established method and there have been studies
investigating the use of steam generated from nuclear power plants as a primary source of
seawater desalination [8].

The heat recovery process can be further optimized by incorporating latent heat storage
systems. These systems consist of three main components: a storage medium, typically a
phase change material, a heat transfer mechanism, and a containment system [9]. However,
one of the main limitations of phase change materials is their low thermal conductivity,
which has led to numerous studies aiming to improving their performance [10–13].

There are some experiments combining heat pipe technology with phase change
materials [14,15]. A study [16] performed in 2017 by Amini et al. investigated a heat
recovery system that uses steam as a primary agent and a salt hydrate PCM which melts at
89 ◦C as the heat storage medium. The results showed the good efficiency of the systems
but it can be improved by increasing the thermal conductivity of the PCM.

Fan et al. [17] investigated a two-stage latent thermal energy storage tank that is
integrated with an air purification pilot plant. A test was then carried out under actual
operating conditions. The tank has units that are filled with commercial paraffin with a
melting point of 70 ◦C and 48 ◦C, respectively. For a better heat transfer performance, heat
pipes are combined with vertical fins for this research. According to the results, adding
a latent thermal energy storage tank to an air separation system allows for a 51,369.5 kJ
heat savings during a charging–discharging session. The waste heat requirement of 40 ◦C
allowed for the recovery of 64.7% of the excess heat in the exhaust air and annually,
25,784.3 kg less CO2 is emitted. In contrast with previous known latent thermal energy
storage for industrial purposes, the latent thermal energy storage exhibits great results.

In another study [18] from 2015, a high-temperature latent heat thermal energy storage
system assisted by finned heat pipes was subjected to numerical simulations, to check the
charging process of PCM with a different configuration of embedded heat pipes. It was
found that the bigger the number of heat pipes, the smaller the thermal resistance within
the system, resulting a faster charging process.

This previous study is relevant to the recent research, as the use of finned storage units
was also explored by [19], as a method to enhance the thermal performance of a vertically
configured-cylindrical copper LHTES in combination with nano-enhanced PCM (NEPCM)
and both outer and inner longitudinal fins. The study’s outcomes demonstrate that the
inclusion of six longitudinal fins on the internal and external surfaces of the LHTES wall
leads to a notable decrease in the duration needed for discharging and charging by 71%
and 62%, correspondingly, compared to the pure PCM reference condition lacking fins.

In their study, Nie et al. [20] also investigated the aspects of successively charging
and discharging the phase change material in a thermal energy storage unit with fins.
According to the results, it was observed that the heat transmission was enhanced when
using a straight fin design, particularly when there are fewer fins used and when the
thermal conductivity of the outer tube material is lower. Additionally, it was discovered
that, when continuously charging and discharging, heat transfer was improved by using
longer fins rather than shorter fins, while the fin volume remained the same.

In-depth experimental and computational investigation by Ruiz et al. [21] resulted
in the determination of the optimum design for a water heat recovery and storage unit
based on phase change material plates. The phase change material storage unit is designed
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to store approximately 75% of the thermal energy during the heat charging phase and
some of it is recovered to provide approximately 50% of the thermal energy needed for the
subsequent process. The performance of heat transfer for the latent thermal energy storage
unit appeared to be strongly linked to the working parameters.

In order to enhance the efficiency of latent heat thermal energy storage (LHTES) with
embedded heat pipes, Ladekar et al. [22] experimentally investigated the charging and
discharging process in the case of using a heat pipe and a copper pipe. The results show
that the capability to store heat for the charging process phase increases when majoring
the volume flow rate, and early heat extraction when discharging becomes achievable.
The charging and discharging of latent LHTES with integrated heat pipes performed well
during testing with a flow rate of 10 L/min. When compared to systems with copper
pipes, LHTES with integrated heat pipes has greater and more consistent efficiency and
efficacy. It was also concluded that, as the volume flow drops, the overall melting time of
the phase-changing material reduces.

The novelty of this research lies in the combination of gravitational heat pipes and
phase change materials in a heat recovery–storage system (HRSS) for recovering and storing
waste thermal energy from residual fluids. The system utilizes gravitational heat pipes
to recover the low-temperature residual heat and store it as latent heat within a phase
change material.

Previous research has separately focused on either the use of heat pipes or phase
change materials, indicating the lack of experimental studies using both the quick heat
transfer ability of heat pipes and the latent heat storage property of phase change materials.
Therefore, it is essential to give more attention to the experimental part in order to reveal
methods for improving the heat transfer performance of phase change materials and
heat pipes [23].

This study proposes a new approach that combines both technologies to increase the
efficiency of the heat recovery process and store thermal energy for future use. Heat pipes
are used in the device’s modular design to increase the efficiency of the heat recovery
process, and phase change materials are used to store the thermal energy. The apparatus
can recover the waste thermal energy from used water at low and medium temperatures.
The thermal energy can then be transformed into additional thermal energy and used to
pre-heat or heat water for domestic use or other heating systems.

This research effort seeks to examine the potential of the suggested HRSS in recovering
and storing waste thermal energy from low- to medium-temperature residual fluids. The
study intends to provide experimental proof of the HRSS’ efficiency and highlight the
technology’s potential benefits in reducing thermal energy losses and achieving sustainable
energy management.

In the following sections of this paper, there are descriptions of the design of the equip-
ment and its testing parameters, followed by the presentation of results and conclusions.

2. Materials and Methods
2.1. The Design of the Equipment

The two-stage heat recovery–storage system consists of the connection of a water-to-
water heat exchanger (heat exchanger A) to a water-to-water heat exchanger with integrated
PCM (heat exchanger B). Heat exchanger A was previously tested as a stand-alone heat
recovery system, revealing a high efficiency of up to 76.7% in recovering low- and medium-
temperature thermal energy [24].

The design of heat exchanger A is presented in Figure 1. The heat exchanger consists of
two main areas called the evaporator and condenser, separated by a sealing flange. Fourteen
heat pipes are inserted transversely inside the equipment with the role of extracting thermal
energy from the primary agent inside the evaporator and transferring it to the secondary
agent inside the condenser. Inside the condenser, there are three rings and two discs,
creating a path for the secondary agent. The evaporator, condenser, and separation flange
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are made of stainless steel and the rings, discs, and heat pipes are made of copper. The
working fluid of the heat pipes is distilled water with a fill ratio of 25%.
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Figure 1. The design of the water–water heat exchanger (heat exchanger A).

The design of heat exchanger B is similar to the design of the heat exchanger, but
the major difference is given by the fact that the secondary agent is directed through the
condenser by a coil and the volume of the condenser is filled with a phase change material.
The coil is made of copper, has a total length of 3.5 m, and has 7 turns with a diameter
of 15 cm. The phase change material is coconut oil, and the necessary quantity to fill the
condenser is 26.4 kg. The thermophysical properties of these phase change materials are
presented in Table 1 [25].

Table 1. Thermophysical properties of coconut oil [24].

Mean specific heat of the solid 3.2 kJ/kg × K

Mean specific heat of the liquid 4.1 kJ/kg × K

Heat of fusion 249 kJ/kg

Melting temperature 35 ◦C

Figure 2 presents the design of heat exchanger B in 3D.
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The constructive details of the two heat exchangers can be viewed in Table 2.

Table 2. Constructive details of the components.

Component Height/Length (m) Diameter (m)

Evaporator 0.395 0.250
Condenser 0.640 0.250

Separation flange 0.005 0.300
Discs 0.005 0.150
Rings 0.005 0.246

Heat pipes 1.000 0.015
Coil 3.500 0.015

2.2. Experimental Setup

The thermal agent from which heat is recovered (primary agent) is water, heated
by an 8 kW electric heater. The electric heater is connected to the heat recovery–storage
system through flexible stainless-steel pipes. The circuit is equipped with a valve for
filling/draining the evaporator and the primary circuit and a probe sheath for measuring
the temperature of the primary agent.

The circuit of the secondary agent is directly connected to the water supply network
of the laboratory. Two probe sheaths were installed at the inlet of condenser A and at the
outlet of condenser B, connected to an electronic thermometer type LT BTM-4208SD which
has a precision of ±0.4%. A thermal energy meter of type ELTERM CF 55 is also tracking
the volume flow rate and the temperature of the secondary agent at the outlet of condenser
B. Figure 3 presents a photo of the experimental stand from the laboratory.
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Figure 3. Photo of the experimental stand.

In this study, an electric heater is used to heat the primary agent, which flows through
the evaporator of two heat exchangers, A and B. The heat pipes are used to extract thermal
energy from the primary agent and transfer it to a secondary agent flowing through heat
exchanger A and a phase change material (PCM) volume in heat exchanger B. The heated
secondary agent, which exits condenser A, passes through the coil of condenser B, where it
extracts additional temperature from the volume of coconut oil. Four sensors are used to
measure the temperature of the primary and secondary agents, as well as the PCM. Sensor
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CH1 tracks the temperature of the primary agent, while sensors CH2 and CH3 track the
temperature of the secondary agent at the inlet and outlet of condenser, respectively. Sensor
CH4 tracks the temperature of the PCM.

Figure 4 presents a schematic diagram of the experimental two-stage heat recovery–
storage system.
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2.3. Tests Performed

To test the efficiency of the equipment, a series of tests were performed with variations
in the temperature of the primary agent and the volume flow rate of the secondary agent.
The parameters are presented in Table 3. The volume flow rate of the primary agent was
kept constant for all cases by the pump of the electric heater, and the temperature of the
secondary agent was kept at 16 ◦C.

Table 3. Parameters of the experimental tests.

Primary Agent Secondary Agent

Temperature (◦C) Volume Flow Rate (L/min) Temperature (◦C) Volume Flow Rate (L/min)

Test 1 60

24

16 1
Test 2 60 16 2
Test 3 60 16 3
Test 4 65 16 1
Test 5 65 16 2
Test 6 65 16 3
Test 7 70 16 1
Test 8 70 16 2
Test 9 70 16 3

Each test lasted 3 h, being staged according to Figure 5. The staging followed the
behavior of the heat recovery–storage system and the ability to store the thermal energy of
the coconut oil. In the first hour, the electric heater operated constantly to melt the coconut
oil and transfer heat to the volume of the secondary agent in unit A. After one hour, the
valve of the secondary agent was opened at the volume flow required by the test, thus
starting its circulation through the heat exchangers. After the first two hours of operation,
the electric heater was turned off, starting the cooling stage where the secondary agent
absorbed the heat stored in the volume of phase-changing material.
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This staging was aimed at the equipment’s ability to recover heat in 2 scenarios: if the
primary agent has an uninterrupted supply and in the case of an intermittent supply with
the primary agent.

2.4. Numerical Simulations

For results with improved accuracy, the heat recovery system was subjected to numeri-
cal simulations and the results were compared to the experimental findings. The equipment
was created in 3D with the Autodesk Inventor Professional 2018 software, and imported
into the Autodesk Simulation CFD 2018 environment.

The first step is to assign a material to each component. The evaporator, the condenser,
and the separation flanges are made of stainless steel, while the heat pipes and the coil are
made of copper and the primary and secondary agents are water. Coconut oil does not
exist in the program database, so a new material with its thermal properties was created.

The boundary conditions used are the same as in the experimental tests. The volume
flow rate of the primary agent was set at 24 L/min and the temperature was set specifically
for each test. The temperature of the secondary agent was set at 10 ◦C and the volume flow
rates were set according to each scenario (Table 3).

To select the proper flow regime, the Reynolds number was calculated for each case.
The results are centralized in Table 4. When the volume flow rate of the secondary agent is
1 L/min or 2 L/min, the Reynolds number is smaller than 2300, resulting in a laminar flow.
When the volume flow rate is 3 L/min, the Reynolds number has a value of approximately
2460 which means that there is a transition regime.

Table 4. Reynolds number.

Secondary Agent

Temperature (◦C) Volume Flow Rate (L/min) Reynolds Regime

Test 1 16 1 819.8 Laminar
Test 2 16 2 1640.4 Laminar
Test 3 16 3 2461.3 Transition
Test 4 16 1 820.0 Laminar
Test 5 16 2 1640.9 Laminar
Test 6 16 3 2460.1 Transition
Test 7 16 1 820.5 Laminar
Test 8 16 2 1640.6 Laminar
Test 9 16 3 2460.9 Transition

After applying the boundary conditions, the 3D model was discretized into a network
of nodes. For the first simulation, the geometry was discretized into a network that
consists of 1 million nodes. Then, the number of nodes was increased by 1 million for each
simulation until the mesh reached 7 million nodes. After 5 million nodes, the results were
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very similar. The higher the number of discretization elements, the greater the processing
power and more time was needed, so the number of elements for the calculation of the
solution was optimized according to the criteria and the tests performed. The resulting
mesh had 5.2 million nodes (Figure 6).
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Experimental testing was conducted in the laboratory in order to evaluate the per-
formance of the 2-stage heat recovery–storage system. The equipment was tested using
several temperatures for the primary agent to check whether the heat pipes are capable of
efficiently recovering heat in different scenarios, and different volume flow rates for the
primary agent to check the quantity of heat recovered in different instances. Additionally,
to check the efficiency of the heat storage, the measurements of temperatures were made
in three different stages: a melting stage, a heating stage, and a cooling stage. A detailed
description of these stages is given in Section 2.3.

The last step was the calculation of the maximum quantity of heat contained by the
primary agent and the quantity of heat recovered by the secondary agent. By comparing
these, the efficiency of the equipment can be established for each test.

3. Results and Discussions

The results of the experimental tests are centralized in Figure 7. T max represents the
maximum temperature reached by the two-stage recovery system and T med represents
the average temperature of the secondary agent at the outlet of the PCM heat exchanger
during the heating stage.

In test 1, during the first 27 min of the heating stage, the difference between the
temperature of the coconut oil and the temperature of the secondary agent varies between
0 and 2 ◦C. During this period, this difference increased to 3–5 ◦C, which is maintained
until the end of the test. For test 2, the difference of 1–2 ◦C was only in the first 10 min of
the heating stage, and later, this difference increased to 5–7 ◦C and remains constant. In
test 3, the difference of 1–2 ◦C was shortened to 8 min but still reached 5–7 ◦C by the end of
the test, as shown in Figure 8.
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Figure 8. The results for tests 1, 2, and 3.

Test 4 shows almost no temperature difference between coconut oil and the secondary
agent for the first 23 min of the heating stage, but the difference increases to 2–3 ◦C for
the next 52 min and towards the second half of the cooling stage, this difference becomes
4–6 ◦C. The similarity of the temperature of coconut oil to that of the secondary agent lasts
13 min in test 5 with a difference of 0–2 ◦C. The difference increases quite suddenly at
5–8 ◦C and is maintained until the end of the test. For test 6, the duration of the 0–2 ◦C
variation is shortened to only 7 min, and the temperature difference between the PCM and
the secondary agent sharply increases to 5–9 ◦C, as can be seen in Figure 9.
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Figure 9. The results for tests 4, 5, and 6.

Test 7 shows the best results of the two-stage recovery system, with an average
temperature of the secondary agent during the heating stage of 46.8 ◦C. The temperature of
the secondary agent is higher than the temperature of the coconut oil in the first 20 min
of the heating stage. In the last 40 min of this stage, the temperature at the outlet drops
below the temperature of the phase change material by 3 ◦C. The difference then increases
to 4–7 ◦C in the cooling stage and is maintained until the end of the test. Additionally, in
tests 8 and 9, the temperature of the secondary agent is higher than that of coconut oil for a
short time, but then decreases at the same rate as it, as can be seen in Figure 10.
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The temperatures of the secondary agent recorded at the outlet of the system were
compared to the average temperatures from the experimental results and they are presented
in Figure 11.
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Figure 11. Comparison between the experimental and numerical results.

Since the simulations do not take into account the convective heat losses from the
laboratory experiment, the temperature in the experimental results is lower than in the
numerical simulations, with values between 3 ◦C and 8 ◦C. Since the temperature discrep-
ancies between the experimental results and the simulation results are negligible, it can be
concluded that the experimental results are reliable.

In Figure 12, some 3D temperature contours extracted from the results of the numer-
ical simulations are presented for tests 7, 8, and 9 at the end of the cooling stage. The
temperature of the secondary agent increases between 3 ◦C and 6 ◦C from the outlet of the
first condenser to the outlet of the system but the main advantage of the two-stage heat
recovery system is the storage of thermal energy, which cannot be tracked in the numerical
simulations due to software limitations.
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The heat quantity in the primary agent was calculated as the product of the mass
flow rate, the specific heat capacity of water, and the temperature difference between
evaporator A’s inlet and evaporator B’s outlet. The heat quantity of the secondary agent
was determined in a comparable manner, using the secondary agent’s mass flow rate, the
specific heat capacity of water, and the temperature difference between T med (Figure 7)
for each scenario and the cold secondary agent’s temperature of 16 ◦C (Table 4). According
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to Equation (1), the efficiency of the two-stage heat recovery–storage system was calculated
as a fraction of the heat recovered by the secondary agent and the maximum amount of
heat produced by the primary agent. The results are shown in Figure 13.

ε = Q2/Q1 (1)
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The highest efficiency was obtained in test 9 when the volume flow rate of the sec-
ondary agent is 3 L/min and the temperature of the primary agent is 70 ◦C. Although the
highest temperatures of the secondary agent were obtained with the smallest volume flow
rate, the quantity of heat recovered is smaller.

4. Conclusions

An experimental investigation followed by numerical simulations was carried out
on a two-stage heat recovery–storage system. From the experimental results, the highest
temperature recorded was when the volume flow rate of the secondary agent was the
lowest and the temperature of the primary agent was the highest, at 70 ◦C, with an average
temperature of the secondary agent of 46.8 ◦C. However, the highest efficiency of the
equipment regarding the quantity of the recovered heat was in test 9, with an efficiency
of 78.1%.

The ability of the equipment to store heat was observed in all nine tests conducted.
During the cooling stage, when the heat source is shut down, the secondary agent still
keeps a higher temperature at the outlet of the equipment compared to the one at the inlet
by 11.5 ◦C–4.1 ◦C, depending on its volume flow rate.

Compared to a common heat recovery system, the two-stage heat recovery–storage
system comes with a heat storage capability, which makes the heat recovery process more
efficient, especially when the heat source is intermittent. The organic phase change material
used for heat storage is a plant-based product, which makes it environmentally friendly.

Another important advantage is the ability to recover heat passively through the grav-
itational heat pipes, which means that there is no additional pumping system required. The
two-stage heat recovery–storage system also has a low cost of production and maintenance
compared to common heat exchangers. The two thermal agents are completely separated
since the mean of transporting the heat are the heat pipes, which means there are very
small chances of accidental mixing. Additionally, if one of the heat pipes malfunctions, the
equipment can still function at a slower pace until the heat pipe is replaced, and thus, the
maintenance is simple.
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Nomenclature

PCM Phase change material
NEPCM Nano-enhanced phase change material
HRSS Heat recovery–storage system
LHTES Latent heat thermal energy storage
T max Maximum temperature
T med Average temperature
ε Efficiency of the equipment
Q1 Quantity of heat of the primary agent
Q2 Quantity of heat of the secondary agent
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Abstract: The continuous growth of the concrete industry requires an increased quantity of cement
and natural aggregates year after year, and it is responsible for a major part of the global CO2

emissions. These aspects led to rigorous research for suitable raw materials. Taking into account
that these raw materials must have a sustainable character and also a low impact on environmental
pollution, the replacement of the conventional components of concrete by residual waste can lead
to these targets. This paper’s aim is to analyze the density, compressive strength and the thermal
conductivity of nine concrete compositions with various rates of waste: four mixes with 10%, 20%,
40% and 60% chopped PET bottles aggregates and 10% fly ash as cement partial substitution; a mix
with 60% waste polystyrene of 4–8 mm and 10% fly ash; a mix with 20% waste polystyrene of 4-8 mm,
10% waste polystyrene of 0–4 mm and 10% fly ash; a mix with 50% waste polystyrene of 4–8 mm,
20% waste polystyrene of 0–4 mm and 20% fly ash two mixes with 10% fly ash and 10% and 40%
waste sawdust, respectively. Using 60% PET aggregates, 60% polystyrene granules of 4–8 mm, or 20%
polystyrene of 0–4 mm together with 50% polystyrene of 4–8 mm led to the obtainment of lightweight
concrete, with a density lower than 2000 kg/m3. These mixes also registered the best results from a
thermal conductivity point of view, after the concrete mix with 40% saw dust. Regarding compressive
strength, the mix with 10% PET obtained a result very close to the reference mix, while those with
20% PET, 40% PET, 30% polystyrene, and 10% saw dust, respectively, registered values between
22 MPa and 25 MPa, values appropriate for structural uses.

Keywords: cement based concrete; ecological concrete; waste aggregates; compressive strength;
thermal conductivity

1. Introduction

Energy consumption in the world is increasing and, therefore, a need for taking into
consideration the ongoing energy crisis and the impact it has on the environment is present.
In terms of energy demand, the built environment is a net consumer of energy, demanding
over 36% of the global energy, and upwards to 50% of raw materials worldwide. In terms of
the environmental impact, buildings are responsible for over 39% of the global greenhouse
gas emissions [1].

It is estimated that: 1 ton of Portland cement produces 0.96 tons of CO2 and 1 ton of
concrete produces 0.108 tons CO2. According to experts, the concrete industry is responsible
for 7 to 9% of the global greenhouse gas emissions [2,3].

The use of wastes as an aggregate substitution in construction materials represents
a great alternative, especially in cement based concretes, due to large scale use in the
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construction industry. By using waste materials, such as chopped PET bottles, granular
polystyrene, and waste wood, as aggregates in the concrete mixture, an ecological and
performant concrete can be obtained, such as lightweight concrete, that can be used to
reduce the weight of buildings. Another significant advantage of this type of concrete
mixture is the valorification of waste materials that can produce a negative impact on the
environment.

The purpose of this paper is to investigate the density, compressive strength and
thermal conductivity of various concrete mixes using waste as aggregates and cement
substitutions. The study implied the development of ten concrete mixes, which included
a reference concrete mix made with conventional components only (river aggregates and
cement), and nine concrete compositions with waste materials as aggregates and cement
partial replacements, as follows: four mixes with 10%, 20%, 40% and 60% chopped PET
bottles aggregates and 10% fly ash as cement partial substitution; a mix with 60% waste
polystyrene of 4–8 mm and 10% fly ash; a mix with 20% waste polystyrene of 4–8 mm,
10% waste polystyrene of 0–4 mm and 10% fly ash; a mix with 50% waste polystyrene of
4–8 mm, 20% waste polystyrene of 0–4 mm and 20% fly ash two mixes with 10% fly ash
and 10% and 40% waste sawdust, respectively. Using the waste materials mentioned can
contribute significantly to reducing waste quantity and CO2 emissions, by decreasing the
produced quantity of cement, and by natural aggregates’ use in a concrete mix.

If waste, such as chopped PET, granular polystyrene, and waste sawdust, are to
be used as aggregates in the composition of concrete, then the pollution and impact of
the construction sector on the environment will decrease, these facts represent a great
advantage both in terms of recycling and reducing the consumption of natural ingredients,
such as sand.

2. State of the Art

There are various recent studies on the use of waste chopped polyethylene terephtha-
late, granular polystyrene, and waste wood (sawdust) in the composition of the concrete
mixture by replacing natural aggregates [4–11].

Furthermore, by investigating the mechanical properties of the concrete with waste
chopped PET bottles, granular polystyrene, and waste wood as a substitution in the concrete
mix, researchers obtained results that highlight the fact that the mechanical properties of
fresh and hardened concrete are being influenced by the ratio of the replaced material in
the concrete mix [12–21].

In terms of research trends, scientist have analyzed the incorporation of various
materials into concrete in order to reduce the required raw materials, ranging from crushed
recovered concrete and ceramics, vegetal byproducts and even plastics. Some examples of
such studies are presented in Table 1.

2.1. Concrete with PET and Polystyrene

The use of PET and polystyrene in concrete mixtures, both in structural or lightweight
concrete, was analyzed in a number of studies with the aim to reduce the waste in the
world and reduce the quantity of required raw materials. The analyzed properties of these
concretes include—but are not limited to—compressive strength, density, tensile strength,
elasticity modulus, flexural strength, durability, thermal properties and fire resistance.

In their study on concrete with polystyrene with a ratio ranging from 20% to 80% of the
total volume and a resin mixture of 0.5%, 1%, and 1.5% of the total weight, Kaya and Kar
concluded that, as the added components percentage increase, the porosity of the concrete
increases and the mechanical properties, such as density, tensile strength, compressive
strength, and thermal conductivity, decrease [11].
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Table 1. Summary of research papers on concrete with waste materials.

NR. Contents of the Paper Year Ref.

1
The study analyzed the substitution of raw materials with fine—fMRA (25% and 50%) and

coarse—cMRA (0%, 25% and 50%) mixed recycled aggregates. The study determined that the
optimal percentage of an fMRA replacement is 25%.

2021 [22]

2
The paper highlighted a correlation and regression analysis of lightweight concretes with

presoakedred ceramic waste aggregate, expanded clay coarse aggregate as waste aggregate and
varying degrees of copper coated steel fibre used as reinforcement.

2022 [23]

3

This study analyzed the mechanical properties and durability of medium quality concrete with a
replacement of the natural coarse aggregate (NCA) with various percentages of recycled coarse

aggregate, RCA, (25%, 50%, 75% and 100%). The results reveal few differences between the
concrete with RCA and the reference concrete in terms of the mechanical properties and

durability related measurements.

2021 [24]

4

This research involved the experimental investigation of using fly ash admixture collected by a
wet process as a replacement of the fine part of the aggregates in concrete. The experimental
results show a favourable behaviour of the concretes based on fly ash to sulphate aggressive

actions in the first part of life.

2020 [25]

5

The purpose of this paper was analyzing the performance of concrete with granules of corn cob
and sunflower with a sodium silicate solution treatement (0%, 20% and 40%). The experimental
analysis highlighted that the concrete with vegetal raw materials had a reduced density but, at

the same time, a reduced compressive strength as vegetal aggregates have higher water
absorption capacity. Sunflower concrete presents superior mechanical strengths in comparison to

corn cob concrete.

2020 [26]

6

This study, through a statistical experimental analysis, evaluates the performance of concrete
reinforced with recycled PET fibres with various fibre doses and aspect ratios. The results

highlighted that the introduction of recycled PET fibres into concrete provides residual strength
capacity to the concrete, with a reduced effect on the volumetric weight, ultimate flexural and

compressive strength.

2021 [27]

7

The experimental research involved analysing the properties of concrete with sawdust as a
replacement of sand containing 0%, 5%, 10% and 15% of sawdust. Through adding sawdust the

results showed that the biological oxygen demand increased as the replacement percentage
increased, but the compressive strength decreased.

2019 [28]

8
The study researched the properties of fly ash as a basic raw material used in the production of

concrete. The inclusion of fly ash in concrete, referenced through multiple studies, provide
increased mechanical and microstructure properties in comparison to the use of cement alone.

2020 [29]

9

The paper analyzed the incorporation of waste materials, such as sugarcane bagasse ash (SCBA),
metakaolin (MK), and millet husk ash (MHA), and determines their effect on the fresh, hardened
properties and embodied carbon of concrete. The study revealed that the use of SCBA, MK, and
MHA up to 10–15% separate and combined as ternary cementitious material (TCM) in concrete

provides ideal results for structural applications.

2022 [30]

10

The researchers reviewed the impact natural seawater has on the properties of concrete. The
study points out that, in the long term, seawater is harmful to the concrete structures built in

marine environments and that, through the use of supplementary cementitious materials (SCMs)
such as rice husk ash, coal bottom ash and blast furnace slag in the concrete mix, the degradation

is reduced. Another interesting fact is that, through adding seawater during the curing and
mixing of concrete, the tensile properties of the concrete are increased.

2021 [31]

In their research, Saikia and Brito performed an experimental investigation on spec-
imens for compressive strength, split tensile strength, and flexural strength, observing
that an increase in the concentration of the PET ratio as aggregate in the mixture leads to
a decrease in the compressive strength, split tensile strength and flexural strength of the
concrete [12].

The study published by Rahmani et al. investigated the mechanical properties of cubic
and cylindrical concrete specimens with 5% to 15% substitution of sand with particles
of PET and different water to cement ratios. The experimental study revealed that the
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compressive and flexural strength initially tend to increase, however, they tend to decrease
after a period of time. Moreover, the experiments highlighted that the samples containing
PET particles have a lower density, splitting tensile strength, modulus of elasticity, and
workability [13].

Jahidul et al. carried out an experimental investigation on the properties of PET
aggregate concrete by replacing between 0 and 50% of the volume of coarse aggregates,
observing that this type of concrete provided better workability than regular concrete while
using a similar w/c ratio, the density of the PET concrete was reduced by 4 to 10%, thus
reducing the self-weight of the structural element. The optimal substitution ratio was
20%, this percentage ensuring comparable compressive strength with natural aggregate
concrete [15].

Maldonado-Bandala et al. observed similar results regarding mechanical parameters
such as density and compressive strength—that these parameters decrease as the ratio of
polystyrene increases—but the experiment revealed that the corrosion protection of the
concrete with polystyrene is greatly superior to conventional concrete [16].

Studies performed by Sayadi et al. revealed that adding expanded polystyrene into the
concrete mixture translates to a decrease in thermal parameters such as thermal conductivity
and fire resistance [17].

2.2. Concrete with Sawdust

Sawdust, as a byproduct of the wood industry, has been researched and implemented
in various forms since the 20th century in regions such as the United State of America, Asia
(Malaysia and Singapore) and Europe (Germany and the UK). The possible applications of
this material are significant, as highlighted by the fact that this material, in various forms
and adaptations, has been used for building elements such as walls and floors [32].

Sales et al. analyzed the incorporation of untreated wood shavings into concrete
to obtain lightweight concrete. The study highlighted that, through the introduction of
sawdust into the concrete mixture, some key parameters were improved: the thermal
conductivity of the concrete was improved and the mass density was reduced. At the same
time, the sawdust presented a good adherence to the concrete matrix and the structure of
the mixture was homogeneous [33].

Sofi et al. investigated the compressive strength of concrete samples with a volume of
added sawdust ranging from 0% to 15% in the concrete mix at two curing periods, at 7 and
28 days. The results obtained after the curing periods show that the compressive strength
is higher for concrete samples with a lower substitution percentage of sawdust [18].

The implementation of sawdust in concrete has not reached the level of widespread
adoption due to the limitations of sawdust, which has low compressive strength. At
the same time, the advantages of concrete with sawdust (reduction in structural weight
and, as a consequence, reduced loads on the foundation, reduced damage phenomena and
increased the lifespan of the structure, along with easier handling and reduced consumption
of raw materials) justify the increasing interest in this type of material.

2.3. Concrete with Fly Ash

Fly ash is a byproduct of burning coal in power plants in the form of ultrafine solid
residue. In numerous developed and developing countries, such as US, China and India,
where coal is used, it is one of the largest solid wastes. Fly ash has been implemented as an
additive in concrete since the mid-20th century as a replacement for some raw materials
such as cement or as a mixture with a clinker [34].

The analysis performed by multiple researchers highlights the increase in inter-
est towards ecological concrete and its potential to reduce the carbon footprint build-
ings impose on the environment. Even though some mechanical parameters are not as
high with the substitution of natural aggregates, these types of walls can be applied in
nonstructural elements.



Materials 2022, 15, 1728 5 of 17

3. Experimental Works
3.1. Materials
3.1.1. Cement and Fly Ash

The cement used in the concrete mixture is Portland cement type CEM II 45.2 R pro-
duced in Romania following the EN 197-1 standard, this fact is evidenced both from the
producer’s multiple declarations of conformity, performance certificates and through inde-
pendent tests conducted on a cement sample. The cement has the following components: Port-
land clinker maximum dosage 94%, limestone 6–20%, and auxiliary components 0–5% [35,36].

The fly ash used as a replacement for the cement, which is released with the exhaust
fuel gases, presented in Figure 1 is a byproduct from the Holboca Electric Power Plant
in Iasi, with a bulk density ranging from 2400 to 2550 kg/m3, specific surface area of
520 m2/kg, particle size ranging from 0.01 to 400 µm and, as main chemical components,
O2 (43.3%), Si (30.8%), Al (19.2%) and Fe (3.05%) [37,38].
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Figure 1. Fly ash from Holboca Electric Power Plant.

3.1.2. Aggregates

The aggregates used in the composition of the concrete can be classified into:
Natural aggregates such as sand with a specific gravity of 2.68, bulk density 1700 kg/m3,

and absorption of 1%, and two sorts of river stone (sort I 4–8 mm and sort II 8-16 mm) with
a specific gravity of 2.62, bulk density 1400 kg/m3, and absorption of 0.9%, presented in
Figure 2.
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Waste aggregates, evidenced by Figure 3, such as:

• Chopped PET from bottles (having dimensions between 0–4 mm), resulting from
cutting discarded polyethylene terephthalate (PET) bottles. After the cutting of the
material it was sieved in order to obtain the desired particle dimensions. This waste
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material presents high stability and nonreactivity with substances. The unit weight of
the chopped PET was determined experimentally and has a value of 433 kg/m3 [39];

• Granular polystyrene (with dimensions 0–4 mm and 4–8 mm), which can be reused in
the shape of granules, resulting from shredding, cutting or thermal treatment;

• Waste wood/sawdust (with dimensions 0–4 mm), is a byproduct resulting from the
wood industry. The collected sawdust was air dried and afterwards sieved, in order
to imitate the size of the natural aggregates. Sawdust in terms of chemical composi-
tion is comprised of carbon (60.8%), hydrogen (5.2%), oxygen (33.8%), and nitrogen
(0.9%). The primary components of dry wood are cellulose, lignin, hemicelluloses,
and small amounts (5–10%) of extraneous materials. The unit weight of the sawdust
was determined experimentally and has a value of 168 kg/m3 [39,40].
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3.2. Concrete Mixture

The concrete mixture without any substitutions was made according to the following
recipe: sand 803 kg/m3, river gravel with 4–8 mm in diameter 384 kg/m3, river gravel
with 8–16 mm in diameter 559 kg/m3, cement 360 kg/m3, water 180 l/m3 and a 1%
superplasticizer additive of the cement mass.

In order to conduct the experiments and determine the mechanical parameters and
the advantages and disadvantages of the partial substitution of the natural aggregate with
either chopped PET, granular polystyrene, or waste wood (sawdust), nine types of different
concrete mixtures were considered, with the mixing proportions and the quantities of the
used materials presented in Table 2. The concrete was casted into 10 cubic shape specimens
and 6 plate shape specimens for each concrete mixture.

The concrete mixture realization process involved adding the materials and water in
the two-blade mixer, the mixing process was finished after 30–40 min.

Samples S1 to S4 also contain fly ash, which replaced 10% of the cement, and from
10% to 60% chopped PET replacing the same mass volume of cement.

In the concrete mix using waste granular polystyrene, three samples in which 10%
of cement was replaced with fly ash, and the substitution of natural aggregates used
were replaced by 60% of the sort I aggregate mass 4–8 mm were replaced with granular
polystyrene 4–8 mm, resulting the concrete sample notated S5.

Following this, the concrete mixture was changed once again by replacing two natural
aggregates in order to create sample S6, as follows: 90% of the sand was used, the remaining
10% being substituted by 10% of the sand mass with granular polystyrene 0-4 mm in volume,
and, as a secondary substitution, only 80% of the original sort I, with a size of the granules
of 4–8 mm, 20% from the sort I mass was replaced with granular polystyrene 4–8 mm in
volume and a further substitution of 10% of the cement was made with fly ash.
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Table 2. Concrete mixture with waste substitution.

Materials

Concrete Sample Sand Rocks (4–8 mm) Rocks (8–16 mm) Cement

Percent Volumic Mass Percent Volumic Mass Percent Volumic Mass Percent Volumic Mass

S0
natural aggregate 100% 803.16 100% 384.12 100% 558.72 100% 360
waste substitution 0% PET 0% PET 0% PET 0% fly ash

S1
natural aggregate 90% 722.84 100% 384.12 100% 558.72 90% 324
waste substitution 10% PET 0% PET 0% PET 10% fly ash

S2
natural aggregate 80% 642.52 100% 384.12 100% 558.72 90% 324
waste substitution 20% PET 0% PET 0% PET 10% fly ash

S3
natural aggregate 60% 481.9 100% 384.12 100% 558.72 90% 324
waste substitution 40% PET 0% PET 0% PET 10% fly ash

S4
natural aggregate 40% 321.26 100% 384.12 100% 558.72 90% 324
waste substitution 60% PET 0% PET 0% PET 10% fly ash

S5
natural aggregate 100% 803.16 40% 153.64 100% 558.72 90% 324
waste substitution 0% polystyrene 60% polystyrene 4–8 mm 0% polystyrene 8–16 mm 10% fly ash

S6
natural aggregate 90% 722.84 80% 307.29 100% 558.72 90% 324
waste substitution 10% polystyrene 0–4 mm 20% polystyrene 4–8 mm 0% polystyrene 8–16 mm 10% fly ash

S7
natural aggregate 80% 642.52 50% 192.06 100% 558.72 80% 288
waste substitution 20% polystyrene 0–4 mm 50% polystyrene 4–8 mm 0% polystyrene 8–16 mm 20% fly ash

S8
natural aggregate 90% 722.84 100% 384.12 100% 558.72 90% 324
waste substitution 10% saw dust 0% saw dust 0% saw dust 10% fly ash

S9
natural aggregate 60% 481.9 100% 384.12 100% 558.72 90% 324
waste substitution 40% saw dust 0% saw dust 0% saw dust 10% fly ash

For the concrete sample S7, another modification in the concrete mixture was made, in
which 20% of the cement was replaced with fly ash and two more natural aggregates were
partially replaced with granular polystyrene, replacing 20% of the sand mass with granular
polystyrene 0–4 mm in volume and 50% of the sort I mass 4–8 mm was replaced by 50%
granular polystyrene 4–8 mm in volume.

The last two samples, S8 and S9, were realized by further modifying the mixture: 10%
of the cement was replaced with fly ash in both concrete samples and a percentage of the
sand was replaced with its corresponding volume of sawdust. In the case of sample S8
only 10% of the sand was replaced and in the case of sample S9, 40% of the sand mass was
replaced with the same volume of sawdust.

3.3. Preparation of Concrete Samples

Following the mixing process, the concrete mixtures were poured into cubic shapes
with the side length of 150 mm, Figure 4a, and rectangular prismatic shapes with the
following dimensions 150 mm in length, 120 m width, and 20 mm depth, Figure 4b, in
order to perform the experimental measurements.

The concrete samples in cubic shapes were made for the experiment of the com-
pressive strength and density investigation; the rectangular prismatic concrete samples
(plate concrete samples) were made for the experiment of the heat transfer coefficient
investigation.

After the preparation, the concrete samples were left for curing for 28 days in labora-
tory conditions at a controlled temperature.
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4. Characterization of Concrete Properties
4.1. Density

Experimental investigation on the density of the concrete samples was carried out
according to the EN12390-7 standard [35] on tree specimens for every type of concrete mix
with waste substitution by determining the mass and the volume of the specimens. The
volume was determined with the reference method by water displacement after ensuring
that the specimens were in saturated conditions. The mass in water was measured by
raising the water level from a tank until the stirrup without the specimens was touching
the bottom of the tank. After this procedure, the water surface surplus was removed by
wiping the specimens and the mass of the specimens in air conditions was measured. With
the values obtained we calculated the volume of the specimens with the Formula (1):

V =
ma − [(mst + mw)−mst]

ρw
(1)

The mass of the specimens was measured after the curing period, according to the
EN12390-7 standard 35.

The density can be calculated with the formula:

ρ =
m
V

(2)

4.2. Compressive Strength

The preparing and keeping of the concrete samples were performed respecting the
indications of EN 12390-2 standard [41]. Following the standard instructions the concrete
samples were cured for a period of 28 days. During the curing period the samples were
kept in water for 7 days after that in dry conditions at constant temperature of 20 ◦C with
the maximum tolerance ±2 ◦C.
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The compressive strength was determined according to EN 12390-3 standard [42] on
tree specimens for every type of concrete mix with waste substitution on the hardened cubic
concrete samples with the edge of 150 mm. The samples were tested after the curing period
with a press having a maximum load force of 2000 kN. The preparation of the specimen
for the experimental investigation on compressive strength was realized by centering the
specimen on the lower platen.

In the testing procedure presented in Figure 5, a first initial rate load force of 0.6 N/mm2·s
constant at the beginning is applied on the area of the concrete sample without shock, after
applying the first load force to the specimen, the load was increased continuously at a
constant rate ±10% until the specimen reached the maximum load failure.
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4.3. Discussion and Analysis

The experimental determination of the concrete density is presented in Figure 6. From
the measurements, the fact that an increase in the concentration of added waste aggregates
leads to a decrease in the concrete density. For the obtained values for the densities of
the concrete samples with waste as aggregate substitution, the uncertainty on the results
calculated for the density is from 3.6% to 36.88%.
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Figure 6. Variation of density for tested concrete samples.

In the testing procedure presented in Figure 6, an initial load force of 0.6 N/mm2·s
constant force is applied at the beginning on the surface area of the concrete sample without
shock. After applying the first load force to the specimen, the load was increased contin-
uously at a constant rate of ±10% until the specimen reached the maximum load failure.
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The uncertainty of the obtained results was calculated for the compressive strength on the
studied specimens and it resulted in a minimum of 0.3% and a maximum value of 1.35%.

The variation of compressive strength presented in Figure 7 represents the average of
the measured results on tree concrete specimens. As we expected, the compressive strength
is decreasing by using even a small percentage of waste as a substitution.
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Figure 7. Variation of compressive strength for tested concrete samples.

In Figure 8a–d the variation of the density versus compressive strength of the con-
crete samples with waste substitution compared with the concrete sample with no waste
replacement was analyzed.

A first analysis was performed by comparing the density versus compressive strength
of concretes in which one natural aggregate was replaced with the same waste used in
the concrete mixture, in this case, the natural aggregate sand was substituted with waste
chopped PET.

By comparing the obtained results Figure 8a, in which only one natural aggregate
was replaced, we observed that, up to a ratio of 20% substitution of natural aggregate
with waste chopped PET, the results of the compressive strength show that the concrete
can be used as a structural element and, due to it having a relatively high density, the
concrete can be used as a heat-accumulating wall. Meanwhile, by increasing the waste
substitution up to 60%, we observed that the compressive strength and density decrease,
with the result that the concrete structure can be used as a self-sustained material or even
as a heat-accumulating wall.

The second analysis was carried out on the concrete samples, substituting the natural
aggregates with granular polystyrene. The results presented in Figure 8b highlight the fact
that, in the case where a high percentage of aggregate sand, the compressive strength is
greatly reduced and the density is slightly lower in comparison to the results of concrete
samples with two natural aggregates as a substitution. The types of concrete with a high
percentage of aggregates substitution can be used as a self-sustained structure and thermal
insulating material, while replacing a small percentage of the natural aggregates with waste.
Continuing the analyses of the mechanical properties for the concrete samples with waste
wood substitution, Figure 8c, the results show that a higher percentage of substitution has
the same effect as in the case of using waste chopped PET and granular polystyrene.
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Figure 8. Variation of density versus compressive strength for concrete with waste: (a) concrete with
waste chopped PET; (b) concrete with granular polystyrene; (c) concrete with sawdust; (d) concrete
with waste chopped PET and sawdust.

A final analysis on the mechanical properties for the concrete with different waste
substitution at the same percentage as the waste replacement is presented in Figure 8d,
which highlights that the concrete has the same density at 40% substitution with waste
chopped PET as at 10% of the substitution with sawdust, resulting that the waste wood is
negatively affecting the mechanical properties even at a reduced percentage of substitution,
the concrete could be used as self-sustained material or as heat accumulator wall.

Results from Figure 8 were obtained after testing three specimens for the same concrete
mix with waste aggregates. The values presented in Figure 8 were obtained by calculating
the average of the measured values obtained at the end of the test.

5. Characterization of Concrete Thermal Properties
5.1. Experimental Set Up and Process

The thermal properties were determined using an experimental device, developed at
IUSTI Laboratory, which is based on the hot plane method with temperature measurements
on both sides of the sample. The characterization is carried out at room temperature. A
scheme of the experimental device is shown in Figure 9.
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The concrete sample is heated in the front face by a heating sole (hot plane) (Figure 9)
consisting of a flat electrical resistance pasted to a copper plate. This part of the sample
is grooved in order to allow the placement of three K thermocouples in contact with the
sample. Three other thermocouples are placed in grooves of the sample holder that will
be in contact with the ‘rear face’ of the sample (Figure 9). A thermal paste provides good
contact between the faces of the sample, the hot plate, and the sample holder. Thanks to the
uniformity of the supplied heat flux and the limitation of the lateral thermal losses, the heat
transfer in the sample are assumed to be 1D. For each test, the experimental parameters
to adjust are the heat flux supplied to the hot plane, the heating duration, and the test
duration. Thus, for these various samples, the duration of the heating is 6 min for a heat
flux of 16 W.

To achieve these measurements, the concrete sample was first positioned in the thermal
device (Figure 9), and then heated for 6 min; then the heating was stopped and the cooling
of the sample was awaited until it reached its steady state. The temperature signals were
recorded; the signals corresponding to the 3 K thermocouples in the front face of the sample
(Figure 9) were averaged to provide the thermogram of the front face; the same process
was performed for the signals given by the 3 K thermocouples at the rear face of the sample
(Figure 9).

A transient thermal model (thermal quadrupoles) was used to calculate the theoretical
thermogram of the rear face, by convolution of the thermogram of the front face of the
sample. This theoretical thermogram is a function of the following parameters:

• td = e2/a
• a = k/ρCp
• x = b/bPVC, corresponding to the ratio of the samples upon the sample’s holder (PVC)

effusivities.

The effusivity is given by:

• b =
√

kρcp = k/
√

a = ρcp
√

a

These parameters were then identified by a least squares method, minimizing the gap
between the theoretical and experimental thermograms, over range duration around the
diffusive time.

The appropriate following parameters are then extracted.

• The thermal diffusivity a;
• The thermal effusivity b;
• The thermal conductivity k = b

√
a;

• The thermal capacity cp = b/ρ
√

a.

The uncertainties calculation were carried out taking into account:

• The error of the thermocouples measurements (standard deviation: 0.005◦C);
• The error due to the considered known parameters for determining a, b, k, ρ, and Cp,

i.e.,: error on the thickness e: 1%; error on the PVC effusivity bPVC: 10% and density
error ρ: 4%.
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First, a calibration was achieved to determine the sample holder (PVC) thermal diffu-
sivity and effusivity. It was found that bPVC is around (518 ± 10%) Jm−2K−1s−0.5, which
corresponds to values given by the manufacturer.

5.2. Results and Discussion

For each sample, the same process was applied in order to determine the various
thermal parameters. In Figure 10, the thermal conductivity is plotted for the various
considered concrete samples.
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Figure 10. Variation of thermal conductivity.

From the thermal conductivity measurements, one can observe that the values of
thermal conductivity are lower than the thermal conductivity of the standard concrete
(S0). This result is consistent with the results found in the literature, since the thermal
conductivity of the added waste is below the concrete one. Furthermore, reducing the
thermal conductivity of concrete would provide better insulation for the building.

Following the measurements, Figure 11 was created highlighting the variation of
thermal conductivity of the samples versus their density. As for compressive strength, the
same behavior is highlighted; indeed, low density leads to low thermal conductivity.
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Figure 11. Variation of thermal conductivity versus density.
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In order to illustrate the effect of the addition of waste on the global behavior of the
concrete, another figure was created, Figure 12, which shows the compressive strength
ratio versus the thermal conductivity.
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From Figure 12, one can notice the existence of three zones:

• The first one corresponds to concrete formed by the addition of a high concentration
of waste, typically higher or equal to 50% (S4, S5, S7, and S9); the thermal conductivity
was approximately reduced by almost 25%, while the compressive strength was
reduced by 45–60%. One can consider that this zone is rather characterized by a
constant thermal conductivity.

• The second zone gathers a moderate concentration of waste (S2, S3, S6, and S8),
showing that the compressive strength is rather constant (a reduction of around 25%)
whereas the thermal conductivity ratio is reduced by between approximately 5 and
20%. This zone will be considered as a zone with a constant compressive strength.

• Finally, the third zone, corresponding to the low concentration of waste, behaves
mechanically as the standard concrete, the only noticeable difference being the lower
thermal conductivity.

These results fall into accordance with the results found in the literature and infer the
fact that, depending on the type of application, the appropriate concentration of waste
aggregate can provide significant advantages in comparison to regular concrete. For
example, through adding a low concentration of waste materials, the mechanical properties
of the newly formed concrete are similar to those of the regular concrete, being good for
the structural elements of buildings or, through adding an increased quantity of waste
materials, the mixture provides a lower material conductivity, helping insulate the building
and preventing heat loss [22–25,27–29].

6. Conclusions

The experimental study investigated the use of waste materials as a partial substitu-
tion of aggregates and cement in manufacturing concrete, and analyzed the mechanical
properties via the compressive strength, density variations, and the thermal properties via
the thermal conductivity parameter.

Three zones of behaviors were highlighted, the first one, corresponding to high waste
concentration, leads approximately to a constant reduction in the thermal conductivity. The
second, characterized by moderate waste concentration, behaves as a constant compressive
strength. In addition, finally, the third one, defined by very low waste concentration,
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induces only a very small reduction of the thermal conductivity with the compressive
strength approximately the same as standard concrete.

By analyzing the compressive strength of the concrete with waste aggregates substitu-
tion, the study highlighted that the concrete can be used as a structural material such as
self-sustained walls for low waste concentration, the differences in mechanical properties
being negligible. On the other hand, high concentrations of waste aggregate in the concrete
lead to a decrease in thermal conductivity, providing good solution for nonstructural walls
with an increased insulation capacity in comparison to regular concrete walls, preventing
heat loss.

One of the most important key factors is that, through reusing the waste and not
using conventional aggregates, the carbon footprint of the building is reduced, this being a
significant factor in the development of the construction sector in the future.

The studies revealed that a 10% replacement of the cement with fly ash and a 10%
replacement of the sand with chopped PET had minimal impact on the properties of
concrete, but on an environmental scale, if concrete were to have a portion of the natural
aggregates replaced, this would have a significant impact both in terms of the reduction in
necessary materials and in terms of pollution, as the waste materials would be given a new
purpose.
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Nomenclature

PET Polyethylene terephthalate
V The volume of the specimen [m3]
ma The mass of the specimen in air [kg]
mst The apparent mass of the immersed stirrup [kg]
mw The apparent mass of the immersed specimen [kg]
ρw The density of water, at 20 ◦C [kg/m3]
ρc The density of the specimen [kg/m3]
m The mass of the specimen [kg]
td The diffusive time of the sample
e The sample thickness [m]
a Thermal diffusivity [m2/s]
b Thermal effusivity [Jm−2K−1s−0.5]
k Thermal conductivity [W/mK]
Cp Thermal capacity [J/kgK]
x The ratio of the sample
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Abstract: One of the biggest challenges the world is facing these days is to reduce the greenhouse
gases emissions in order to prevent the global warming. Since a significant quantity of CO2 emissions
is the result of the energy producing process required in industry or buildings, the waste heat recovery
is an important aspect in the fight for preserving the planet. In this study, an innovative waste heat
recovery system which can recover waste heat energy from cooling liquids used in industry or in
different processes, was designed and subjected to experimental investigations. The equipment uses
heat pipes to capture thermal energy from the residual fluids transiting the evaporator zone and
transfer it to the cold water transiting the condenser zone. The efficiency of the heat exchanger was
tested in 9 scenarios, by varying the temperature of the primary agent to 60, 65 and 70 ◦C and the
volume flow rate of the secondary agent to 1, 2 and 3 L/min. The temperature of the secondary agent
and the volume flow rate of the primary agent were kept constant at 10 ◦C, respectively 24 L/min.
The results were later validated through numerical simulations, and confirmed that the equipment
can easily recover waste thermal energy from used water with low and medium temperatures at
very low costs compared to the traditional heat exchangers. The results were promising, revealing an
efficiency of the equipment up to 76.7%.

Keywords: waste heat recovery; heat pipe; energy efficiency

1. Introduction

According to a study [1] made in 2019, the building sector is responsible for about
16% of the wasted heat energy. The waste heat energy with a value lower than 100 ◦C
is considered low-temperature, the one with a temperature between 100 ◦C and 300 ◦C
is medium-temperature, while the waste heat energy with a temperature higher than
300 ◦C is considered high-temperature. The highest losses of thermal energy are in the low-
temperature sector, with a percentage of 64%. Waste heat recovery can have a significant
impact on the energy efficiency of buildings by reducing the heat losses. There are various
heat recovery technologies such as waste heat boilers [2], economisers [3], plate heat
exchangers [4], heat pipe heat exchangers [5] and others, which all have the purpose to
capture the waste thermal energy and convert it to active thermal or electrical energy [6].

The waste heat utilization is very diverse and it has been developed in the last
few years. There are numerous works in the literature which concentrate on waste heat
recovery using heat pipes. The original contribution of this work consists in designing
and testing a compact equipment which can recover thermal energy from low-temperature
residual fluids at low costs of production and maintenance using termosyphons. Since
the gravitational heat pipes is a passive technology and do not require any moving parts,
the costs of recovering thermal energy are reduced.
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Asl et al. [7] made a theoretical and practical research on three different approaches
to implement a geothermal waste heat recovery system which is supplying the necessary
heat to the pools of a fish farm. The results showed that when the most efficient method is
used, the minimum costs of establishing a heat recovery system decrease by 60.65%. Liang
et al. [8] tried to improve the performance of the exhaust heat recovery from diesel engines
by using a regenerative super-critical carbon dioxide Brayton cycle/organic Rankine cycle
dual loop system. The results showed an improvement of the engine power output by
6.78%, which can be translated as a lower fuel consumption.

A team of researchers made a numerical study on a waste heat recovery steam gen-
erator for hydrogen production. The research was aimed to improve the heat transfer
mechanism of semi-coke and steam. The 7.5 kg/h proved to be the best steam flow for an
efficient heat recovery rate [9].

Scientist have studied the possibility of introducing heat pipes in process of heat
recovery for an improved efficiency of these type of systems. A heat pipe consists of a
sealed enclosure, made from a heat conductive material and a working fluid. When heat is
applied to the evaporator zone, the working fluid turns into vapor and transfers the heat
to the condenser zone at a high rate. The vapors turn into liquid droplets and returns to
the evaporator zone either with the help of gravity or through wick (Figure 1). Because
the pressure inside the heat pipe is very low, the working fluid evaporates at a lower
temperature than usual, making the heat pipe a super-conductor even at low temperatures.
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The most important benefit of heat pipes is that it is a passive way to recover thermal
energy, which makes the process of waste heat recovery cheaper. Another advantage is



Appl. Sci. 2021, 11, 11542 3 of 13

their high conductance potential compared to common heat recovery technologies. Since
each heat pipe functions individually, a heat pipe heat exchanger can operate properly
even if one of them fails. Also, the fluids involved in the heat recovery process will not be
mixed or contaminated in case of a heat pipe failure.

The most common use of heat pipes is for solar applications. Studies have tried
to improve the efficiency of heat pipes in solar collectors by testing different working
fluids [10], by using thermal oil [11] or by adding fins to the condenser region of the heat
pipes [12]. The optimum fill ratio is also an important factor on the efficiency heat pipes [13].
A study by Yang [14] investigated a novel high-temperature two-phase closed flat heat
pipe which uses sodium as a working fluid. Burlacu [15] performed numerical simulations
on a system which proposes the introduction of heat pipes in glazed facades.

There are also many applications of heat pipes in the waste heat recovery field. Ma-
hajan proved in his study [16] that by using oscillating heat pipes in waste heat recovery
ventilation can save more than 2500 $ annually in cities with continental climatic conditions.
Jouhara [17] presented a nuclear seawater desalination system based on heat pipe technol-
ogy, while Tian [18] recovered waste heat from exhaust gases using a heat recovery gravity
heat pipe heat exchanger. A study [19] made in 2018 presented a heat pipe heat exchanger
with concentric tube heat pipes and acetone as working fluid used for low-temperature
heat sources. Heat pipes were also used in designing a dual heat recovery system which
recovers waste heat from residual fluids and produces simultaneously hot water and warm
air [20]. A study [21] presented in 2019 analyzed the possibility of combining heat pipes
with phase change materials in order to recover and store thermal energy more efficiently.

Delpech et al. [22] designed a heat pipe heat exchanger which has the purpose to
recover the heat resulted during the cooling of a ceramic kiln. The recovered heat is used
to heat up an air stream which will be used in the ceramic process to dry the ceramic parts.
The heat pipe-based heat exchanger was able to recover more than 863 MWh of thermal
energy and also reduce the fuel consumption of the ceramic process by 110,600 Sm3/year
which is the equivalent of 164 tons/year of CO2. In another experiment, Delpech et al. [23]
improved the process of heat recovery in the ceramics industry using a radiative heat pipe
system which was able to recover heat through radiation and natural convection in an
enclosed kiln. Depending on the heater’s temperature, the heat pipe can recover between
400 W and 3100 W.

Jouhara et al. [24] developed a heat recovery system based on a flat heat pipe heat
exchanger which was tested in the laboratory and on an industrial plant. The equipment
is meant to recover the radiative heat resulted during the cooling process of steel wires.
The rate of heat recovery for the laboratory tests was 5 kW, while for tests made on the
industrial plant the efficiency was doubled.

This research presents a numerical and experimental study of thermal performance on
an innovative prototype of a waste heat recovery system designed and manufactured in the
laboratory of the Faculty of Civil Engineering and Building Services of Technical University
“Gheorghe Asachi” of Iasi, Romania. The device has a modular design, with two main
components, the evaporator and the condenser, and is using heat pipes for improving the
heat transfer inside the device. The novelty and the originality brought by this research
consists in using the axial flow for the primary and the secondary agent around the heat
pipes for increasing the heat exchange surface and consequently the energy performance
of the waste heat recovery system. Thus, the equipment can easily recover waste thermal
energy from used water with low and medium temperatures at very low costs compared
to the traditional heat exchangers, which represents an important goal in the research
domain of modern heat exchangers. The recovered energy can be used for preheating
or heating water for domestic use or for other heating systems without any additional
pumping system or any other forms or additional energy resulting a high energy efficient
innovative waste heat recovery system. The results of the experimental investigations were
validated through numerical simulations.
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2. Materials and Methods
2.1. The Design of the Heat Pipe Heat Recovery System

The heat pipe heat recovery system (HPHE) is used to recover waste heat from
used water through the heat pipes and use it for heating up a volume of cold water.
The equipment has a circular design, with a diameter of 0.25 m and a height of 1.04 m.
The material used for building the evaporator and condenser is steel, while the heat pipes
are made of cooper. The heat pipes do not have a wick structure inside, they use gravity to
return the condensate and they were specially designed for this equipment. The working
fluid of the heat pipes is water and the pressure inside was set close to 4300 Pa, in order for
the fluid to evaporate when it will reach a temperature of 30 ◦C, thus making the heat pipe
efficient in low-temperature applications.

Inside the HPHE there are 14 heat pipes inserted vertically through the separation
flange, which are transporting the heat recovered from the primary agent inside the
evaporator to the secondary agent inside the condenser. Inside the condenser there are
three steel rings and two steel discs for a better circulation of the secondary agent and
a more uniform heating. The condenser, the evaporator and the separation flange are
connected using 9 screws and nuts. The constructive details of the components can be
viewed in Table 1. The design of the heat pipe heat recovery system was made using the
Autodesk Inventor 2018 software. The model and its components can be seen in Figure 2.

Table 1. Constructive details of the components.

Component Height [m] Diameter [m]

Evaporator 0.395 0.25
Condenser 0.64 0.25

Separation flange 0.005 0.246
Discs 0.005 0.15
Rings 0.005 0.246

Heat pipes 1 0.015
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Table 1. Constructive details of the components. 
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Evaporator 0.395 0.25 
Condenser 0.64 0.25 

Separation flange 0.005 0.246 
Discs 0.005 0.15 
Rings 0.005 0.246 

Heat pipes 1 0.015 

 
Figure 2. The 3D design of the HPHE. Figure 2. The 3D design of the HPHE.

2.2. Experimental Setup

Using the 3D model we built a prototype of the equipment and tested it in the
laboratory. Also, a stand has been designed and manufactured as shown in Figure 3.
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The primary agent was hot water heated by an electric heater with a power of 8 kW and
the temperature could be adjusted as needed.
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The electric heater is connected to the heat recovery system through flexible stainless-
steel pipes with a diameter of 16 mm. The pipe circuit was equipped with a faucet for
filling/emptying the evaporator and the primary circuit, and a probe sheath for measuring
the temperature of the primary agent. The circuit of the secondary agent is connected
directly to the water supply network of the laboratory. Two probe sheaths were installed at
the inlet and outlet of the condenser to track temperature variations and also an ELTERM
CF 55 thermal energy meter which is tracking the volume flow rate and the temperature of
the secondary agent. The thermal sensors inserted in the probe sheaths are connected to an
LT BTM-4208SD electronic thermometer which has a precision of ±0.4%.

The equipment was tested with different temperatures of the primary agent and
different volume flow rates, using the parameters presented in Table 2. For each test,
the valve on the circuit of the secondary agent was opened at maximum to keep the
secondary agent as cold as possible during the process of heating up the secondary agent.
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When the temperature of the secondary agent reached the value required for testing,
the valve was set for the proper volume flow rate required for the test.

Table 2. Testing parameters.

TEv,1 [◦C] TCo,1 [◦C] q1 [L/min] q2 [L/min]

Test no. 1 60 10 1 24
Test no. 2 60 10 2 24
Test no. 3 60 10 3 24
Test no. 4 65 10 1 24
Test no. 5 65 10 2 24
Test no. 6 65 10 3 24
Test no. 7 70 10 1 24
Test no. 8 70 10 2 24
Test no. 9 70 10 3 24

2.3. Numerical Simulations

The 3D model designed in the Autodesk Inventor environment was imported in
Autodesk CFD Simulation software. The geometry was discretized in a network consisting
500,000 nodes and the first simulation was run. In order to find a proper mesh that presents
the most accurate results, the number of meshing elements was increased gradually until
the differences between two consecutive simulations were insignificant.

Another criteria for choosing the proper number of mesh elements was the computa-
tional power. The higher the number of elements, the longer time required for calculation.
According to these criteria, the optimum mesh network was chosen the one consisting in
1.2 M nodes.

The boundary conditions can be observed in Table 2. There were carried out 9 simula-
tions with various parameters.

The temperature of the secondary agent, TCo,1, and the volume flow rate of the primary
agent, q2, were kept constant at 10 ◦C respectively 24 L/min, while the temperature of the
primary agent, TEv,1, was varied to 60 ◦C, 65 ◦C and 70 ◦C and the volume flow rate of the
secondary agent, q1, was varied to 1 L/min, 2 L/min and 3 L/min.

The simulations were run in steady state and the results obtained are defining the
moment when the temperature at the outlet of the secondary agent reaches a quasi-
constant temperature.

The governing equations for fluid flow and heat transfer are the Navier-Stokes or
momentum equations and the First Law of Thermodynamics or energy equation. These
equations are used by the Autodesk CFD Simulation software to calculate and describe the
heat transfer process.

3. Results
3.1. Experimental Results

The temperature of the primary agent was kept constant for one hour. Since the
temperature of the secondary agents is rising very slowly after about 50 min, and the
variations are small, we considered that after 1 h of constant temperature in the condenser
the temperature of the evaporator reaches a quasi-constant state.

The sensors CH1, CH2, and CH3 are responsible for tracking the temperature variation
in time. CH1 is placed at the inlet of the condenser, CH2 at the outlet of the condenser
and CH3 at the inlet of the evaporator. The electronic thermometer was set to record the
temperature every 60 s.

The temperature recorded after 60 min for the test no. 1 was 40.7 ◦C, for the test no. 2
the results showed 35.7 ◦C, while for the test no. 3 the temperature was 32.1 ◦C. As we
can observe in Figure 4, the most significant temperature variation takes place in the first
10 min. After this period of time, the rising of temperature is slower.
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To visualize the external temperature of the heat recovery system, we took some
photos with a FLIR thermal vision camera during test no. 1. In Figure 5 we can observe
that most of the heat recovered is first absorbed by the water in the middle of the condenser
during the first 15 min of the test, but after that, the temperature tends to become uniform
inside the condenser.
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For the next 3 tests we used a temperature of 65 ◦C at the inlet of the evaporator and
the sensors revealed a temperature of 47.4 ◦C for test no. 4, 41.8 ◦C for test no. 5 and 36.3 ◦C
for test no. 6. In the first 10 min, the volume flow rate of the secondary agent does not have
a significant impact on the heat recovery rate. After about 20 min, the temperature rise in
the condenser is slow, with about 0.1 ◦C/min for all of the three cases (Figure 6).
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The tests were repeated for the same volume flow rates but this time with the temper-
ature of the primary agent of 70 ◦C. As we can observe in Figure 7, the temperature of the
secondary agent after 60 min was 56.1 ◦C for case no. 7, 46.7 ◦C for case no. 8 and 41.1 ◦C
for case no. 9. Again, the amount of heat recovered in the first 10 min does not depend on
the volume flow rate of the secondary agent. After 10 min, the ∆T between the inlet and
the outlet of the condenser is about 18.5 ◦C for all three cases (Figure 7).
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3.2. Numerical Simulations Results

For the numerical simulations we used as boundary conditions the same parameters
as in the experimental setup, presented in Table 2. The temperature of the primary agent
to 60, 65 and 70 ◦C and the volume flow rate of the secondary agent to 1, 2 and 3 L/min.
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The temperature of the secondary agent and the volume flow rate of the primary agent
were kept constant at 10 ◦C, respectively 24 L/min.

The mesh consisted in 1.2 million of elements and the simulations were run in steady
state. By using the surface refinement tool, the mesh was refined at the interfaces between
fluids and solids and on the smaller areas of the equipment, for an improved capture of the
heat transfer. The results were centralized in a graph in Figure 8.
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The experimental results were validated by the numerical simulations. The temper-
atures obtained in the numerical simulations were slightly higher than the experimental
ones, with values between 2 and 5 ◦C. This can be explained due to heat losses from the
experimental test, which the simulation does not take into account.

The simulation environment is also a useful tool for observing the heat process that
happens inside the heat recovery system. Figure 9 presents a 2D section through the middle
of the equipment for the 9 tests.

From Figure 9 it can be concluded that the heat transfer inside the condenser can be
further improved by creating a path for the secondary agent.
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3.3. The Efficiency of the Equipment

The efficiency of the heat pipe heat exchanger can be evaluated as its thermal effective-
ness which is the ratio between the heat transfer rate, Q, and the maximum heat transfer
rate of the equipment, Qmax. The equation can be expressed as:

ε =
Q

Qmax
(1)

Q = CEv(TEv, 1 − TEv, 2) = CCo(TCo, 2 − TCo, 1) (2)

By using the Equation (2) we can determine the heat transfer rate for the heat recovery
system. CEv and CCo represent the heat capacity rate for the evaporator and the condenser
section and can be determined as the product of the mass flow rate and the specific heat
capacity for the referred section.

CEv = ṁEv × cp,Ev (3)

Qmax = Cmin(TEv, 1 − TCo, 1) (4)

Qmax = ṁCo × Cp,Co(TEv, 1 − TCo, 1) (5)
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For the expression of Qmax we have used Cmin instead of Cmax because Qmax represents
the maximum heat transfer rate for the heat exchanger but for this case, we have a limiting
factor represented by the minimum heat capacity rate between the two fluids.

By applying the Equations (2) and (5), the Equation (1) can be written as follows:

ε =
Q

Qmax
=

ṁEv × Cp,Ev × (TEv,1 − TEv,2)

ṁCo × Cp,Co × (TEv,1 − TCo,1)
(6)

The highest efficiency of the heat recovery system was in test no. 7, when the tempera-
ture of the secondary agent after 1 h was 56.1 ◦C compared to 70 ◦C, the temperature of the
primary agent, which means an efficiency of 76.7% (Figure 10).
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4. Conclusions

A heat pipe heat recovery system was designed, manufactured and tested. The thermal
performance of the equipment was investigated through experimental tests and confirmed
by numerical simulations. Also, an efficiency calculation was made based on the experi-
mental data obtained.

Compared with classic heat recovery system, this equipment produces hot water at
lower costs, given the fact that the heat pipes are a passive technology and do not require
any moving parts. The results showed that it needs about 10–15 min until it is able to
produce hot water at almost constant temperature. The efficiency of the heat pipes is
increasing directly proportional to the temperature of the primary agent. An efficiency of
76.7% was obtained with a temperature of 70 ◦C of the primary heat source, but the results
showed that this percentage can be further improved.

It can be concluded that the heat pipe heat recovery system can be a feasible solution
for recovering thermal energy from used waters. As further researches, the equipment can
be tested at even higher volume flow rates for the secondary agents and the number of
heat pipes could be varied. Also, industrial tests may be carried out to check the efficiency
of the heat pipe heat recovery system in factories.
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Nomenclatures

HPHE Heat pipe heat recovery system
TEv,1 Temperature of the primary agent at the inlet of the evaporator [◦C]
TCo,1 Temperature of the secondary agent at the inlet of the condenser [◦C]
q1 Volume flow rate of the primary agent [L/min]
q2 Volume flow rate of the secondary agent [L/min]
CH1 Thermal sensor at the inlet of the evaporator
CH2 Thermal sensor at the inlet of the condenser
CH3 Thermal sensor at the outlet of the condenser
T Time [min]
λ Thermal conductivity [W/m*K]
E Thermal effectiveness of the HPHE [%]
Q Heat transfer rate of the HPHE [W]
Qmax Maximum theoretical heat transfer rate of the HPHE [W]
Cev Heat capacity rate of the evaporator [W/K]
TEv,2 Temperature of the primary agent at the outlet of the evaporator [◦C]
Cco Heat capacity rate of the condenser [W/K]
TCo,2 Temperature of the secondary agent at the outlet of the condenser [◦C]
ṁEv Mass flow rate of the primary agent [kg/m3]
ṁCo Mass flow rate of the secondary agent [kg/m3]
Cp,Ev Specific heat of the primary agent [J/kg*K]
Cp,Co Specific heat of the secondary agent [J/kg*K]
Cmin Minimum heat capacity rate between the two fluids [W/K]
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ABSTRACT: 

 
In the paper is presented a heating system installed in church and the interior climate generated. Thermal Comfort is the purpose of 
each designer, since the design stage and has to be ensure for the churchgoers, but even for the interior finishes. The heating system 
that uses hydronic radiators is evaluated trough the CFD modelling, in order to evaluate pro and contra arguments. The simulation 
has been made in a 3d simulation software environment, in Autodesk CFD with good results. 
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1. INTRODUCTION 

The indoor microclimate that’s has been analysed is found in 
the church of Saint Cross Rising, in the village of Săbăoani, 
country of Neamț (Figure 1a). The church has been built in the 
years of 2000, on a mixt structure of masonry and columns and 
girders of reinforced concrete. At the top the church has a dome 
made from reinforced concrete. The heating system is formed 
by a hydronic radiator systems and a boiler with the power of 
40 kW, that burn wood. The heating systems is mounted on the 
exterior walls under the windows (Figure 1b). 
 
Church is formed by a single shape nave, with the opening of 
13,5 meters and a total height of 14 meters. Also the total length 
is of 23 meters, this numbers gives a total heating volume for 
the church of 3000 m3 (Figure 2 a, b). 
 

 

 
 

               a                                                 b 
Figure 1. a) Exterior view of the studied church b) Existing 

heating system inside the church 
 

 
 

               a                                                b 
 

Figure 2. a) ,b) View of the church from the modelling process 
 
Exterior walls have the weight of 0.4 meters, covered with a layer 
of 0.05 meters of polystyrene insulation and the exterior windows 
are made from insulated glass with woodwork made from PVC.  
 
To create an indoor climate, distinct from the outside one, is the 
main purpose for almost all buildings and in our case for worship 
buildings. Also the climate created in the churches provides the 
thermal comfort for the churchgoers. By controlling the 
parameters that generate the indoor climate leads to an appropriate 
and sustainable use of the energy resources with a high cost-
efficiency management. (Schellen and Lambertus, 2002, Sen, 
2008). 
 
In the current practice of heating systems that lead to the creation 
of the indoor climate in churches, the technical solution are 
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always a reference, meanwhile the real difficulties are choosing 
the criteria that form a suitable climate. That is why the literature 
refers to the following parameters when it comes to the indoor 
thermal climate of the places of worship: 1. Air temperature; 2. 
Surface Temperature; 3. Relative humidity; 4. Displacement of 
Air Currents (Sen, 2008, Vuerich, 2008). 
 
In order to understand how we can control the indoor 
microclimate in the places of worship, there is a need for a 
physical and also quantitative understanding of the complex 
interaction that exists between the above mentioned parameters 
(Varas Muriel et al., 2014). 
 
 

2. MODELLING INDOOR MICROCLIMATE 

CFD modelling based on FVM (Finite Volume Methods) has 
opened the way for solving moment, mass and energy 
equations. Also, the k-e turbulence model and a standard model 
to define the wall flow, created the premises for dynamics 
simulations with a high degree of trust for thermal modelling of 
the interior climate, air movements etc (Martinez Garrido et al., 
2016). 
 
This paper analyses the hydronic heating of the air volume 
inside the church. The modelling allowed to identify the 
airflows patterns that are generated and theirs effect on the 
interior finishes as well as the thermal comfort of the 
churchgoers. The interior temperature that the heating system 
generate inside the interior volume has been evaluate as well 
(Liu J.et al., 2012 Napp, 2015).  
 
The church has been evaluated in a 3d environment in Autodesk 
Inventor, as faithfully as possible based on the construction 
plans. From Autodesk CFD the building has been exported in 
Autodesk CFD 2018 for further analysis (Figure 3.a, 3.b). In 
this stage has been define the materials for all the surfaces that 
form the indoor heating volume. For all the surface have been 
imposed the limit condition. The exterior walls have a thermal 
resistance of R = 1.8 W/m2K and the outside temperature is 
taken for measurements made outside during winter that has a 
maximum of T= - 180C (Figure 3.c). Also the discretization 
have been made at a step of 0.5 meters resulting 4 million of 
elements (Figure 3.d).   

 
 

a                                                      b 

 
c                                                     d 
 

Figure 3. a) Defining the materials for the surface that form the 
interior volume b) Discretization of the interior volume c) 
Imposing the boundary conditions d) Defining the turbulence 
model along others parameters for running the analysis 

For numerical simulation of the indoor climate as well as for all 
simulations it is important to reduce numerical errors. 
Therefore, for volume simulations, meshing refinements were 
made by minimizing the size of the elements to achieve constant 
meshing (Baratasz et al., 2007, Torres and Freitas, 2007). 
 
The transfer equations between the wall and the volume of air is 
solved by the k-e model equation at the wall, being the scalar 
equation type (Camuffo et.al. 2014, Camuffo et al. 2010). 

 
 

3. CONCLUSIONS 

Hydronic heating system works on the basis of natural 
convection in large proportion (90%). The air enters the bottom, 
is heated due to the buoyancy phenomenon and it comes out at 
the top (Figure 4a, b). 
 

 
 

a 
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                                                   b. 
 

Figure 4. a) Temperature in a transversal section plane b) Air 
velocity and temperature along a transversal plane 

 
 
 

 
a 
 
 

 
b 
 

 
c 
 

From the point of view of the internal thermal comfort, the 
system is efficient when is used without interruption (Figure 5 
a, b, c), but also when the number of radiators is enough and the 
temperature of the heated volume is homogeneous, especially 
for small volumes of air. 
 
From visual point of view the hydronic heating system brings 
discomfort both through the heating bodies and the pipes that 
are connected to each other and with the boiler.  
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Rezumat. Prezenta lucrare ilustrează un studiu comparativ între două sisteme de 

producere a energiei electrice: clasic şi neconvenŃional. Studiul se concentrează asupra 

analizei tehnico – economice pentru cele două sisteme analizate şi care au rolul de a 

asigura energia electrica pentru o locuinŃă unifamilială. 

Necesitatea acestui studiu se impune, în contextul în care, utilizarea surselor 

neconvenŃionale de energie prin tehnologiile actuale se realizează – este adevărat - într-

un ritm foarte alert dar, cu investiŃii iniŃiale foarte mari. 

Cuvinte cheie: energie electrică, sistem, energie neconvenŃională, energie fotovoltaică, 
analiză. 

Abstract. This paper illustrates a comparative study between two power generation 

systems: classical and unconventional. The study focuses on technical - economic 

analysis of the two systems which are designed to provide electricity for a single-family 

residence.  

The need for this study is required, given that the use of unconventional energy sources 

by current technologies is achieved - it is true - in a very alert rhythm but with very large 

initial investment. 

 

Key words: electricity, system, unconventional energy, photovoltaic, analysis. 

1. Introducere 

Dezvoltarea societăŃii umane la nivel global a cunoscut o creştere continuuă dar, 

odată cu aceasta, a crescut consumul de energie sub diferite forme. 

Bd. Prof.dr.doc. Dimitrie Mangeron, nr. 1, mun. Iaşi, cod 700050, Romania 
E-mail: balanmariuscostel@gmail.com, verdesmarina2003@yahoo.com, vciocan2005@yahoo.com, 



Marius-Costel Balan, Marina Verdeş, Vasilică Ciocan, Alexandru Verdeș 

 276 

 Sursele de regenerabile de energie precum biomasa, energia solara, energia 

hidro si geotermala pot asigura necesităŃile energetice bazate pe utilizarea resurselor 

locale disponibile. Pornind de la aceasta realitate, tranziŃia catre sisteme energetice 

bazate pe surse regenerabile este, tot mai sigură, Ńinând cont de faptul că şi costurile 

acestora se diminuează, în timp ce, preŃul ŃiŃeiului şi gazelor naturale continua să 

fluctueze. In ultimii 30 de ani vanzarile de echipamente care valorifică energia solară 

şi eoliană au crescut deoarece, atât cheltuielile de capital cât si cele pentru producerea 

electricitatii au scazut, simultan cu îmbunatatirea performantelor. 

2. Surse neconvenŃionale de energie 

 InformaŃii oficiale asupra potenŃialului “regenerabil” al României arata că 

ierarhia teoretică este dominata de biomasa 65%, potenŃialul eolian exploatabil 

ocupând locul 2 cu 17% din întreg, în timp ce, energia solară prezinta o pondere de 

12%. 

Conversia energie solare în energie electrică cu ajutorul panourilor fotovoltaice 

este în continua creştere, ajungând în anul 2012 la o putere instalată de aproximativ 

2000 MW, însumând atât centralele electrice fotovoltaice în funcŃiune cât şi cele cu 

aviz tehnic de racordare sau cu contract de racordare, figura 1. 

 

 

Fig. 1 – Harta centralelor electrice fotovoltaice în 2012 

Sursa : Transelectrica 

 

Pe plan internaŃional capacităŃile instalate pentru producerea de energie 

electrică sunt într-o continuă creştere. 

Puterea instalată totală a turbinelor eoliene la nivelul Uniunii Europene este de 

84.762 MW la nivelul anului 2010, cu 9755 MW mai mult faŃă de nivelul anului 2009. 
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Conform Institutului German de Energie Eoliană (DEWI), Germania este prima Ńară 

din Uniunea Europeană în ceea ce priveşte implementarea de turbine eoliene cu o 

putere instalată de 1551 MW în anul 2010 şi o putere totală instalată de 27.215 MW. 

 Conversia energie solare în energie electrică prin intermediul centralelor 

fotovoltaice cunoaşte o creştere semnificativă a puterii instalate, de la 5739 MWp în 

anul 2009 la 13.392 MWp în anul 2010.  

Producerea energiei electrice din energie solară este concentrată în mare măsură 

la nivelul câtorva Ńări (Germania, Spania, Italia) demonstrat prin faptul că puterile 

instalate în acestea acoperă 88,9 % din puterea generată. 

3. Sistem propus de producere a energiei electrice cu panouri fotovoltaice 

Sistemele conectate la reŃea, figura 2, alimentează cu energie consumatorul 

casnic iar surplusul este livrat în reŃeaua publică, prin intermediul unor invertoare. 

Aceste sisteme pot fi de dimensiuni mici, aşa numitele sisteme distribuite, de regulă, 

montate pe acoperişuri, cu puteri de ieşire de câŃiva kW sau, pot fi sisteme de 

dimensiuni mari, cu puteri de ieşire de ordinul MW. Sistemele distribuite folosesc 

pentru montarea panourilor fotovoltaice, structuri deja existente, precum acoperişurile 

sau faŃadele sau, se fixează pe suporturi de sine stătătoare, montate în exterior.  

Avantajul acestor sisteme este acela că, nu este necesară stocarea energiei care, 

poate fi folosită oriunde şi, drept urmare, se reduce încărcarea reŃelei convenŃionale.  

 

 

Fig. 2 – Sistem cu panouri solare fotovoltaice pentru producerea energiei electrice 

 

În zilele însorite, acestea furnizează energie electrică consumatorilor casmici, 

iar excesul de energie este livrat în reŃea şi contorizat. Dacă vremea este nefavorabilă, 

consumatorii sunt alimentaŃi din reŃeaua convenŃională.  
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4. Analiza tehnico-economică a sistemului de producere a energiei electrice din 

surse neconvenŃionale 

Analiza funcŃionării din punct de vedere tehnic, economic şi financiar a 

sistemului integrat de producere a energiei electrice s-a realizat cu ajutorul 

programului de calcul RETScreen.  

Pentru efectuarea acestui calcul s-au formulat următoarele ipoteze : 

 Sistemul cu panouri fotovoltaice se va amplasa în cele cinci zone ale 

intensităŃii radiaŃie solare (Suceava – zona V, Timişoara – zona IV, Iaşi – 

zona III, ConstanŃa – zona II, GalaŃi – zona I); 

 Necesarul mediu de energie electrică este de 1 MWh/an pentru clădiri de 

locuit ; 

 Costul energiei electrice la nivelul anului 2012 este de 0.131 euro/kWh.  

În figura 1.3 este prezentat evoluŃia preŃului energiei electrice începând cu anul 

2002: 

 

Fig. 4 – EvoluŃia preŃului energiei electrice în perioada 2002-2011 
 

 Pentru o locuinŃă unifamilială s-a utilizat un sistem fotovoltaic cu puterea 

electrică 1,5 kWp având un preŃ estimativ de 2600 de euro/kWp ; 

 Panourile fotovoltaice utilizate sunt alcătuite din celule monocristaline cu 

un randament de 18 %. 

 Sistemul de referinŃă este considerat ca fiind reŃeaua de distribuŃie a 

energiei electrice. 

 Analiza tehnico-economica a sistemului de producere a energiei electrice din 

surse neconvenŃionale s-a efectuat prin prisma următorilor indicatorilor de 

performanŃa: 

- economii anuale – Ea; 

- reducerea emisiilor de gazer cu efect de seră - RGES; 

- rata internă de rentabilitate – RIR; 

- perioada de amortizare - PA; 
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- valoarea actualizată netă – VAN; 

-     raportul cost beneficiu - RCB. 

 

Rezultatele analizei sunt prezentate în următoarele diagrame : 

  

Fig. 5 – Economii anuale generate de sistemul 

propus 
 

Fig. 6 – Reducerea gazelor cu efect de seră 
 

  

Fig. 7 – Rata internă de rentabilitate 

 

Fig. 8 – Perioada de amortizare a sistemului 
propus 
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Fig. 9 – Valoarea actualizată netă  Fig. 10 – Raportul cost – beneficiu  

6. Concluzii 

În consens cu dezvoltatrea durabilă, sursele regenerabile de energie reprezintă 

alternativa optimă de rezolvare a problematicii energetice, în ipoteza diminuării sau, 

chiar a epuizării resurselor clasice. 

Utilizarea sistemului de producere a energiei electrice cu panouri fotovoltaice 

este avantajoasă în toate zonele climatice, deoarece asigură sarcina internă şi livrează 

în reŃea surplusul de energie. De asemenea asigură o reducere a emisiilor de gaze cu 

efect de seră iar perioadă de amortizare este cuprinsă între 14 – 17.2 ani, perioadă care 

se situează sub durata de viaŃă considerată. 

Analizând sistemul prin prisma valorii actualizate nete, se pate spune că, 

sistemul fotovoltaic propus se poate implementa în toate zonele, deoarece valoarea 

acestuia este pozitivă iar, raportul cost-beneficiu are o valoare mai mare ca 1. 
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