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ARTICLE INFO ABSTRACT
Keywords: A closed-loop Reverse-Brayton High Temperature Heat Pump with air working medium is studied and optimized
Reverse brayton HTHP considering real operating conditions for a ceramic industry. The heat pump was considered to upgrade the waste
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heat of the kiln’s exhaust gases into useful heat for further heating up the combustion air. All the necessary
thermodynamic variables are determined by calculating the compressor and turbine work, the input power, the
coefficient of performance, and the exergy efficiency. First, a detailed optimization procedure is carried out for
various inlet preheated air temperatures in the range of 100-200 °C, with the primary aim being the maximi-
zation of the heat pump performance (COP maximization) by identifying the optimal working-medium mass flow
rate for each preheated air temperature level. Secondly, for the defined optimized operating conditions, a dy-
namic analysis was performed for a typical week of operation, considering real data with inlet preheated air
temperatures within the range of 106.8-179 °C (typical week fluctuation) and considering operation under
optimized mass flow rate values. It was found that the integration of HTHP leads to 1.36% primary energy
savings and 5.44% CO; emissions reduction on a yearly basis, ensuring a slightly lower annual operating cost
than the respective of natural gas combustion.

[4], it was reported that the global market of the ceramics sector counts

Introduction $229.13 billion estimated value, with the overall ceramics production,
including roof tiles and bricks, responsible for the emission of a total 19

The increasing need for energy efficiency and for the reduction of Mtcozeq/year in the EU [5]. The ceramic industry seems to be one of the
greenhouse gas emissions, especially in high-scale industrial production best representatives of the energy-intensive industries, since high-
lines, is a crucial aspect of the contemporary energy-intensive industries, temperature heat is needed in the majority of the processes involved,
which embody technologies for high-temperature level heat production especially considering the production of ceramic roof tiles and bricks
[1]. These industries have huge energy demands and they are accom- [5]. The energy needs of a ceramic industry could extend from some
panied by significant amounts of waste heat, in temperatures within kWh up to more than 200 MWhg on a daily basis, considering a
100-200 °C, coming from the high-temperature heating processes that continuous operation (24/7) in most cases. The main thermal processes
take place within the production procedures [2,3]. This has led to sig- that take place in a ceramic industry are drying, preheating, combustion
nificant interest in waste heat recovery regarding energy-intensive in- and cooling process [4], considering a tunnel type kiln in most cases [6].
dustrial systems. The temperature ranges are 80-150 °C [7], 200-600 °C, 900-1100 °C
Among the industries in which waste heat recovery can make a and 80-150 °C respectively [8-10]. The processed material, first, passes
notable impact, ceramics production stands out, due to its energy- through the dryer and the humidity of the raw material drops approxi-
intensive nature and reliance on high-temperature processes. In study mately to zero, with the contained water to be released to the
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Nomenclature

C Total heat capacity, W/K
COP Coefficient of Performance
Cp Specific heat capacity, J/(kg K)
Dp Pressure drop, Pa

eff Effectiveness

Ex Exergy rate, W

h Specific enthalpy, J/kg
m Mass flow rate, kg/s

P Power, W

P pressure, Pa

PR Pressure ratio

Q Thermal power, W

T Temperature, K

w Work, W

Greek symbols

n Efficiency

Subscripts

1 Point 1 of the cycle

2 Point 2 of the cycle

3a Point 3a of the cycle

3b Point 3b of the cycle

4 Point 4 of the cycle

5 Point 5 of the cycle

C Compressor

EG Exhaust gases

el Electrical

elm Electromechanical

high High pressure

HTHE  High Temperature Heat Exchanger
in Inlet (for T), Input (for Q)

is Isentropic

low Low pressure

LTHE Low Temperature Heat Exchanger
max Maximum

min Minimum

motor Motor

NG Natural Gas

out Outlet (for T), Output (for Q)

opt Optimum

PA Preheated Air

R HTHP working medium

ref Reference

REC Recuperator

T Turbine

Abbreviations

HTHE  High Temperature Heat Exchanger
HTHP High Temperature Heat Pump
LTHE Low Temperature Heat Exchanger
NG Natural Gas

REC Recuperator

environment in the form of vapor. Then, the processed material is pre-
heated and directed to the combustion zone, where the maximum heat is
obtained to achieve the desired properties. Afterwards, the processed
material is cooled down and becomes the final product ready for the
packaging process [4]. In most ceramic industries, the major heat de-
mand in the combustion zone is covered by natural gas (NG) or fuel oil
combustion engines [11]. The exhaust gases are often utilized or
recovered for the drying or the preheating phase or even for preheating
the combustion air by ensuring up to 30% cost savings for the industry
[12,13]. Although the aforementioned heat recovery offers important
energy savings, the exhaust gases still leave the kiln in relatively high
temperatures within the range of 70-100 °C as waste heat, which cannot
be further utilized in any of the kiln’s processes. Hence, great emphasis
should be given to the recovery of the aforementioned waste heat
through new technologies aiming at the reduction of energy/fuel con-
sumption. The use of High Temperature Heat Pumps (HTHPs) has
emerged as a promising solution to recover and reuse industrial waste
heat of relatively low grade (50-100 °C) and upgrade it into high tem-
perature useful heat [3], for preheating the combustion air of the natural
gas burners, which are used in the firing section of the kiln in most cases.
A remarkable interest has been observed over recent years as regards the
implementation of HTHPs in industrial sites for waste heat upgrade with
potential energy savings of up to 30% [3] and capability of covering over
70% of the process heat needed in temperatures up to 150 °C, ensuring
at the same a total process heat demand coverage of around 40% [11].

Extended research has been conducted regarding the integration of
HTHPs in industrial processes for waste heat upgrade, reaching tem-
peratures of up to 100-150 °C with available heat source temperature
levels of 50-60 °C and heat sink temperatures around 100 °C [14,15].
Deng et al. [16] examined the operation of a novel high temperature
heat pump experimentally, considering a 50 °C heat source and found
that a 130 °C heat sink could be obtained, ensuring a COP of 2.74. A
single-stage HTHP is tested in the study [17] and it was revealed that a
heat sink in the range of 80-110 °C was achieved for an input heat

source near 50-70 °C. A cascade high-temperature heat pump is pro-
posed by Dong et al. [18]. It was found that the examined heat pump
could ensure a temperature lift of approximately 90 °C from 30 °C to
120 °C and from 5 °C to 90 °C with COP values around 2.2. Great
emphasis has been given to the mechanical compression closed-circuit
HTHPs since this type is available in a wide operating range and it ap-
pears in most industrial applications [19]. However, there is a lack in
existing scientific literature as regards HTHP systems that ensure high
temperatures greater than 100-150 °C and especially up to at least
200 °C, due to the fact that such temperatures are hard to obtain by
conventional HTHPs [19].

This difficulty seems to be overcome with the utilization of closed-
loop Reverse Brayton cycle HTHPs, which could serve relatively high
temperature applications even in the range of 250-300 °C by taking
advantage of relatively low temperature heat sources of 50-100 °C,
according to recent studies [20]. The aforementioned heat sink tem-
peratures are mainly met in energy-intensive industries in the ceramics
sector and thus, the Reverse Brayton cycle HTHP technology constitutes
a promising solution for this industrial sector. Numerous scientific
studies focus on the exploitation of the industrial waste heat with the
integration of Reverse Brayton cycle HTHPs have been conducted. Kabat
et al. [21] investigated a Reverse Brayton cycle heat pump aiming to
optimize the performance considering a heat sink temperature near
250 °C with the respective heat source one to be within —30 °C to 5 °C.
They found that a COP in the range of 2.0-2.3 was obtained. The same
researchers also conducted a study [22] in which they compared the
simple Reverse Brayton cycle to a complex one with an intercooler and
recuperator, considering heat upgrade from —30 °C (process cooling) to
250 °C (process heating) and they found that the performance of the
complex cycle exceeds the simple one by approximately 6%. Yucel et al.
[23] experimentally analyzed the operation of a two-stage HTHP
following the Reverse Brayton cycle and they reported that the heat sink
temperature could reach 205 °C with a heat source of —10 °C. Tzou-
ganakis et al. [24] proposed a novel solar-driven Reverse Brayton HTHP
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for process heat production in a paper mill industry for upgrading pro-
cess air from 150 °C to 195 °C, ensuring a mean COP around 1.5.
Another similar setup in the food industry was examined by the same
researchers [25]. The scope of that research work was to upgrade 245 °C
process air to 255 °C with the utilization of solar collectors and waste
heat coming from flue gas. The COP in that case was calculated to
slightly exceed 1.5. Pettinari et al. [26] conducted a transient analysis of
an HTHP to investigate its operation during cold start-up and found that
the heat exchangers’ design plays an important role in the start-up time,
since the last one is reduced by more than 50%. Several novel combined
cycles with thermally coupled micro gas turbines (MGTs) and HTHPs are
presented in the study of Ref. [27] and it was found that such combi-
nations could lead to a significant reduction of the HTHP energy
consumption.

The existing literature places considerable emphasis on industrial
high-temperature heat pumps (HTHPs). However, to the best of the
authors’ knowledge, very limited scientific research has been conducted
on waste heat recovery applications involving HTHP integration in the
ceramics sector, despite the fact that ceramics production represents a
significant industrial market. Following an in-depth review of the
available literature, only one recent scientific publication (Ref. [5]) was
identified that investigates the integration of HTHPs for waste heat re-
covery in the ceramics industry. Reference [5] presents a noteworthy
study that examines a conventional HTHP configuration for a hypo-
thetical ceramic tile production facility. The analysis is conducted under
steady-state conditions, assuming a single preheated air inlet tempera-
ture of 70 °C and a constant mass flow rate of 5.3 kg/s, while suggesting
multi-objective optimization as a direction for future work. In contrast,
the present study is the first in the literature to investigate a single-stage
Reverse Brayton cycle HTHP for integration into a real industrial site in
the ceramics sector. The analysis combines steady-state multi-objective
optimization with a dynamic performance assessment based on real
operating data obtained from an existing ceramic production facility.
Another important contribution of the present work is that the dynamic
analysis is performed by determining the optimal working-fluid mass
flow rate at each operating point, ensuring maximum coefficient of
performance (COP) throughout the examined operating period.

Table 1 summarizes the main novelties of the present work in com-
parison with the existing study reported in Ref. [5] regarding waste heat
recovery using HTHPs in the ceramics industry. The comparison focuses
primarily on the HTHP technology employed, the type of analysis per-
formed, the optimization strategy adopted, and the model verification
approach.

In particular, a closed-loop reverse Brayton HTHP with recuperator
and air as a working medium is examined in detail in this study,
considering its integration in the ceramics industry of KEBE [28] located
in northern Greece. The available real industrial input data, which is
being utilized in this work, gives the opportunity to estimate the sus-
tainability benefits and the energy saving achieved by the proposed
HTHP. More specifically, HTHP performance is optimized (in terms of
achievable COP) under specific operating conditions while its dynamic
operation is investigated considering real operating data taken directly
from the industry. The examined HTHP is proposed to upgrade the 90 °C
waste heat (exhaust gases) to around 200 °C to further heat the pre-
heated air, supplied to the kiln for NG combustion, aiming at the
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reduction of energy consumption in the combustion zone. A detailed
optimization procedure takes place, first, for inlet preheated air tem-
peratures within 100-200 °C, focusing on the maximization of COP
through the determination of the optimum working medium mass flow
rate for each temperature. Next, the operation of HTHP is evaluated via
a thorough dynamic investigation for a typical week (total period of 168
h), since a 24/7 operation is considered. The optimal mass flow rate
values from the optimization process are adopted here to ensure opti-
mum dynamic operation of the HTHP. The main parameters that are
calculated are all the thermodynamic state properties within the cycle
and the heat exchangers' secondary circuits, the work of the turbine and
the compressor, the electrical power for the compressor’s motor, the
input power coming from the waste heat source, the COP and the exergy
efficiency of the system. Annual energy savings and the CO, emissions
reduction are also calculated and compared against the case without the
HTHP. Both the optimization and the dynamic analysis models are
developed in MATLAB. The parametric optimization model is verified by
an equivalent model developed in EBSILON software, showing small
deviations (<0.6%).

Materials and methods
The examined industrial case study

In the present work, a High-Temperature Heat Pump (HTHP) was
studied for its design, dimensioning and deployment at the industrial
environment of the KEBE ceramic industry unit located in Northern
Greece (Nea Santa, Kilkis, 40.84° N and 22.82° E), as part of the Euro-
pean Horizon project EEETHOS [29]. The operation of the particular
industrial unit runs 24/7, excluding some specific periods during the
year when the unit is set out of operation for maintenance purposes. This
industrial site is divided into two main production lines, i.e., i) the roof
tiles and ii) the bricks production lines. This work focuses on the roof-tile
production line, and specifically on the tunnel kiln, where the HTHP is
planned to be installed. The roof tile production line is capable of pro-
ducing large amounts of several different types of tiles, with an average
production volume reaching even 160,000 pieces per day. The operation
of the kiln in the roof tile section is considered to be almost steady with
no significant ups and downs, considering that the fluctuation of the
production volume (tonnage) entering the kiln is very small compared to
the large capacity of the kiln. The existing process, as of today, utilizes a
natural gas (NG) based system with gas burners for achieving the desired
temperatures inside the tunnel kiln. The last one is separated into three
main zones: i) preheating (from 25 °C to 700 °C), ii) combustion (up to
960 °C) and iii) cooling zone (from 960 °C down to 30 °C). The tiles
leaving the dryer chamber enter the kiln’s preheating zone, where they
are heated to about 700 °C using the relatively high thermal level of the
exhaust gases. In the subsequent main combustion zone, the tiles are
heated at the maximum possible rate, while in the cooling zone, they are
cooled using ambient air. This cooling air is then directed to the com-
bustion zone, where it is used as combustion air. A detailed view of the
roof tiles production line is depicted in Fig. 1.

The main concept of the proposed decarbonization measure exam-
ined in this study is the introduction of an electrification-based process
that exploits and upgrades the heat of the preheated air exiting the

Table 1
Comparison of the present work with the study in Ref. [5].
Study Technology Analysis type ~ Optimization Pressure Losses Input data Model
Verification
Ref. [5] Classic HTHP Steady state NO 2% assumption One hypothetical operating point (70 °C) NO
Present Reverse Steady state YES (multi-objective) Calculated via Steady state analysis: Numerous operating points  YES (via
study Brayton HTHP & Dynamic - Determination of the optimum  UNILAB software (100-200 °C) & Dynamic analysis: Real data from  EBSILON
mass flow rate in each industry (168 h of operation) software)

operating point.
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Fig. 1. Rooftiles production line in KEBE industrial unit in Nea Santa-Kilkis, Greece.

cooling zone, thereby providing warmer combustion air to the burners,
reducing natural gas consumption, while ensuring the highest possible
energy savings. The most suitable solution for meeting the heat-upgrade
and energy-saving requirements in the KEBE roof-tile production line
was the integration of an HTHP. This HTHP operates on a closed-loop
Reverse Brayton cycle using air as the working medium. The system
works by recovering and upgrading the waste heat contained within the
exhaust gases from the preheating zone, subsequently using that energy
to further heat the preheated combustion air.

Considering that the new integrated HTHP thermal capacity was
selected to be 1 MWy, and operation of the production line is almost 24
h daily, the thermal energy provided to the industry is calculated at 24
MWh,/day. Considering that the KEBE’s roof-tile production line
typically requires 230 MWhy, of natural gas per day (approximately
180-200 MWhy, thermal energy), the introduction of the HTHP unit, as

examined in this study, can provide more than 10% of the total thermal
energy demand, highlighting its significant contribution to the process.

The examined high temperature heat pump

HTHPs designed for systems operating at up to 300 °C cannot utilize
conventional refrigeration equipment, such as reciprocating or screw
compressors, which are limited by the thermal constraints of standard
refrigerants and lubricants. Instead, these advanced HTHP systems often
employ robust, high-performance components adapted from demanding
industries. Specifically, equipment originating from the automotive in-
dustry, such as turbochargers (which inherently handle high tempera-
tures and pressure ratios), are modified and employed as efficient
compressors or expanders to manage the extreme operating conditions
and high temperatures required for industrial waste heat recovery. The

Reverse-Brayton
High-Temperature
« HeatPump

EGoul ]

¢ EG,,

Preheated Air

Natural Gas

Preheating zone

| Combustion zone Y

T~
Exhaust Gas (>700°C)

| Cooling zone

Ambient Air
(20°C)

Fig. 2. Schematic diagram of the process with the integrated HTHP.
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design of the specific HTHP is based on a reversed closed Brayton cycle,
which involves as main components a Low Temperature Heat Exchanger
(LTHE), a High Temperature Heat Exchanger (HTHE), a Recuperator
(REC) and a turbo-compressor unit for the compression and the expan-
sion of the working medium. A schematic depiction of the initial design
consideration is provided in Fig. 2, presenting the main operating
principle of the HTHP and clarifying its integration into the existing
setup in the ceramic industry. As shown in Fig. 2, the exhaust gases from
the combustion zone enter the preheating zone to preheat the roof tiles.
Subsequently, instead of being released directly to the environment as in
the baseline scenario, these gases are directed to the LTHE of the inte-
grated HTHP. Within the LTHE, the HTHP’s closed-circuit air recovers
heat from the exhaust gases (state 4), while the air is then directed to the
recuperator for further heating (state 5). After exiting the recuperator at
a low-pressure stage, the air is compressed by the compressor of the
turbo-charger unit, upgrading it to the high-pressure and high-
temperature conditions of the Reverse Brayton cycle (state 2). Next,

Sustainable Energy Technologies and Assessments 89 (2026) 105000

the compressed air is cooled by passing through the HTHE, where heat is
conveyed to the combustion (preheated) air in the secondary circuit of
the HTHE (state 3a). Following this, the working air flows to the recu-
perator’s primary circuit to transfer heat from the high-pressure to the
low-pressure stage (recuperator secondary circuit) after the LTHE (state
3b). Finally, the high-pressure air is expanded in the turbine (state 4) of
the turbo-charger unit, generating mechanical work, which serves as an
auxiliary input to the compressor, considering that the turbine and the
compressor are connected with the same shaft.

The thermodynamic cycle of the Reverse Brayton HTHP stands alone
in Fig. 3a for explaining the temperature regime in the inlet and the
outlet of the two main heat exchangers of the HTHP (LTHE and HTHE)
qualitatively, while the Temperature — specific entropy diagram (T-s) is
provided in Fig. 3b for getting an overview of the thermodynamic
behavior of the cycle. It should be mentioned that the T-s diagram was
created considering a typical case based on the operating conditions
presented in section 2.3.
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Fig. 3. (a) Thermodynamic cycle of the examined Reverse Brayton HTHP, (b) T-S diagram of the cycle.
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Methodology and implementation

Parametric optimization and dynamic analysis

In this section, the main steps followed regarding parametric opti-
mization and the dynamic analysis are presented in detail. The operating
conditions and the main assumptions for each analysis are also given.

Regarding the parametric optimization analysis, the main objective
was to maximize the HTHP’s performance (COP) by adjusting the mass
flow rate of the air in the closed circuit. Specifically, the optimization
was conducted for eleven different inlet temperatures of preheated air
supplied to the HTHE, ranging from 100 °C to 200 °C in 10 °C in-
crements. For each of these inlet temperature values, multiple working
medium mass flow rates were tested within the range of 3.0 kg/s to 10.0
kg/s. This process facilitated the calculation of the optimum working
fluid mass flow rate for each inlet temperature, using the maximization
of both the COP and exergy efficiency as the primary criteria. Conse-
quently, from this analysis, it was feasible to develop a mathematical
expression that provides the optimum working medium mass flow rate
as a function of the preheated air inlet temperature. This mathematical
expression was subsequently integrated into the dynamic analysis model
to determine optimal operation.

As far as the dynamic analysis is concerned, the HTHP was assumed
to operate in real operating conditions according to representative
measured data taken directly from the KEBE industry. This data includes
the temperature of the inlet preheated air (exiting the cooling zone and
entering the HTHE) and the inlet exhaust gases (exiting the preheating
zone and entering the LTHE). The measured data covered a continuous
operating period of 168 consecutive hours (one week) from May 18th to
24th. This period was selected as representative among several time
series of yearly operation for the specific industrial site, considering that
no significant fluctuations appeared during the examined year. It is
important to mention that the inlet preheated air temperature ranges
from 106.8 °C to 179 °C, corresponding to a typical week fluctuation
(see Fig. 9c in section 3.2), while the inlet exhaust gases temperature
appears to have negligible fluctuations during the examined period,
according to the available data taken from the industry, with a repre-
sentative mean value of 90 °C. This occurs because the kiln combustion
system is regulated to adjust natural gas consumption according to the
production load and the temperature of the preheated combustion air
through a centralized automatic control system. In this way, significant
energy waste is avoided while maintaining an almost constant flue gas
temperature [30]. Hence, by implementing the working medium mass
flow rate mathematical expression developed through the optimization
procedure, it was possible to study the dynamic operation of the HTHP
for real operating data of the industry, considering the optimum working
medium mass flow rate values for each operating hour according to the
fluctuation of the inlet preheated air temperature during the examined
time period.

It should be mentioned that the mass flow rate of the preheated air
(HTHE secondary circuit) and the exhaust gases (LTHE primary circuit)
were considered to be mpp iy, = 15kg/s and mgg i = 20kg/s respec-
tively, while the exhaust gas inlet temperature took the value of 90 °C in
both parametric optimization and dynamic analysis. The useful thermal
power output (Q,y,) Was also considered to be steady and equal to 1,000
kWy, in all analyses. All the prementioned parameters remained con-
stant for the whole examined period.

The main assumptions of the study regard the effectiveness of the
examined heat exchangers, the isentropic efficiency of the compressor
and the turbine, as well as the low pressure of the cycle. More specif-
ically, the effectiveness of all the HTHP heat exchangers (HTHE, REC
and LTHE) as well as the isentropic efficiency of both the turbine and the
compressor were considered to be equal with 85%, which is a reasonable
value according to the ranges studied in Ref. [22]. It is remarkable to
mention that the compressor’s isentropic efficiency was selected to be
the same as the turbine’s isentropic efficiency, despite the fact that
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usually during actual operation of Brayton power cycles the turbine is
more efficient. However, in the Reverse Brayton cycle, the compressor is
a more important component because it treats higher amounts of power,
thus the isentropic efficiencies were selected to be identical in the
reference case presented, complemented by a parametric study on var-
iable isentropic efficiencies for the compressor and the turbine as this is
presented later in the manuscript (section 3.1). Moreover, selecting
equal isentropic efficiencies simplifies the thermodynamic formulation
and reduces the number of independent parameters in the model. This
allows the analysis to focus on the cycle-level behaviour (e.g., pressure
ratio, heat input, mass flow rate, and temperature levels) rather than on
the performance differences between individual turbomachinery com-
ponents. The electromechanical conversion efficiency of the compres-
sor’s motor was taken equal to 98%, including the mechanical losses for
driving the compressor-turbine shaft [24].

Mathematical formulation
The main equations that were utilized for the present analysis are
provided in this paragraph. These equations mainly regard the thermal
and thermodynamic equilibria of the working mediums in the three heat
exchangers of the examined HTHP, as well as the effectiveness and ef-
ficiency characteristics of all the components involved. All the equations
given here constitute the core of the model described in paragraph 2.2.3.
To begin with, for the needs of the present analysis, it was necessary
to define the effectiveness of HTHE, LTHE and REC devices. The
respective definitions were put forward considering the NTU method
with regard to the heat transfer. Equation (1) presents the effectiveness
of the HTHE device.
QHTHE (l)

effyrue = =
Qmax‘ HTHE

Parameter (Qurur) Which is provided through Eq. (2) expresses the
thermal power that is conveyed from the HTHP air working medium to
the preheated air.

Quriie = Qour = Mpa- (hpaout —hpain) = 1pa-CPpys-(Traout — Teain)
=mg-(h; —hs,) (2)

The (Qmaxnrue) parameter represents the maximum possible thermal
power which could ideally be transferred to the preheated air, consid-
ering the minimum heat capacity rate of the two streams of the HTHE as
Eq. (3) recommends.

Quax e = Conin pirHe- (T2 — Teain) 3)
where:

Crninrrie = Min (Cpa, Crorae ) ()]
Crurne = MR CPg prue )
Cpa = hpa-Cppy (6)

Eq. (7) presents the effectiveness of the LTHE device:

QLTHE (7)

effLTHE ==
max LTHE

Parameter Qpyg corresponds to the thermal power that is conveyed
from the exhaust gases to the HTHP working medium exchanged and it
is given by Eq. (8).
Qin = QLTHE = Tgg- (hEG.in - hEG.out) = Ii113(;'(:13}36‘ (TEG.in - TEG,out)

= tig:(hs ) ®)

The parameter of Qmax,LTHE refers to the maximum possible thermal
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power which could be transferred ideally to the air working medium of
the HTHP, considering the minimum heat capacity rate of the two
streams in the heat exchanger, as it is presented in Eq. (9).

Quaxrrre = Cominurs: (Ten — Ts) 9
where:

Crminrie = Min (Cgg, Cr1E) (10)
Crurie = Mr-CPg y1ue an
Crg = Mg CPgg 12

The same rationale was followed for recuperator effectiveness, which is
defined according to Eq. (13):

max,REC

Parameter Qggc represents the thermal power that is exchanged be-
tween the low-pressure and the high-pressure stream in the REC device
and it is calculated as described in Eq. (14):

QREC = Mg (hsa —h3p) = Mr-CPyg peciow (T1 — Ts) = mr-(hs —hy)
14)

The Quaxrec Parameter corresponds to the maximum thermal power
which could be transferred ideally to the low-pressure stream, consid-
ering the minimum heat capacity rate of the two streams, as Eq. (15)
suggests.

Qmaxrec = Cminrec: (Tza — Ts) 15)
where:

Ciinrec = Min (CR,REC.low CR.REC,high) (16)
Cg, reClow = TR CPg riciow a7
Cr, rEChigh = MR CPg rec high s

The combination of Egs. (1)-(3), Egs. (7)-(9) and Egs. (13)—(15) provide
Egs. (19)-(21), which will be utilized properly in the developed model.

IhPA' (hPA.out - hPA.in)

Ty = Tpain + (19)
2 A Cinin urrE -€ffurn

hs = hy + effyrup- Coin L1 (Tecin — Ta) (20)

h; = hs + effrec-Crminrec: (T3a — Ts) 2n

Another useful calculation is given in Eq. (22) as regards the calculation
of the outlet temperature of the preheated air from the HTHE:
QHTHE (22)

Tpaout = Tran + C -
Ppa uHe TpA

The isentropic efficiency expressions for the compressor and the turbine
components of the HTHP are given in Eq. (23) and (24), respectively:

_ h2,is - 1'11
Tse =1, —hy, (23)
hg, —hy (24)

NisT = h3b _ h4.is

Egs. (25) and (26) calculate the work of the compressor and the turbine,
while Eq. (27) provides the mechanical work needed to be added by the
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compressor’s motor. Equation (28) calculates the electrical power
needed for the compressor’s operation.

W¢ = mig-(h, —hy) (25)

Wy = mg-(hsy, — hy) (26)

WC‘motor = WC - WT 27)

Pel _ WC‘motor (28)
Nelm

As was mentioned in section 2.3.1, the electromechanical conversion
efficiency in Eq. (28) considers the global mechanical losses of the
compressor and the turbine. The coefficient of performance of the HTHP
(COP) is available in Eq. (29).

COP = Qurmae (29)

C,motor

The pressure ratio of the compressor and the turbine was also considered
in the framework of the specific study. Their expressions are available in
Egs. (30) and (31) respectively.

PR — 2 (30)
P:

PR, — P3b (31)
P4

Exergy efficiency is within the scope of the present analysis and thus, all
the necessary parameters regarding its calculation are presented here.
Exergy efficiency is defined as the ratio of the maximum useful power
that could be produced ideally (Exoyt) to the exergy input in the system
(EXin + EXelmotor). The parameter (Exoy:) expresses the useful power
output that could be obtained by a Carnot power engine if the useful
power produced by the HTHP (Q,,,) were considered as an input to the
engine. The sum of (Ex;p) and (EXe|motor) COnstitutes the power output
of a Carnot engine if the inlet thermal power from the exhaust gases and
the input power from the compressor’s motor are assumed as inputs to
the engine. Egs. (36)-(39) provide the expressions of all the premen-
tioned parameters [24,31].

EXout

_ 32
EXin + Exel ( )

Mex

. 3 T oul
EXoue = mPA'CpPA' (TPA.out - TPA,in) - mPA'CppA'Tref'ln ( ;A. t) (33)

PAin

, . Tec :
ExXin = Migg-CPge- (Tec.in — TG .out) — MEg-CPgg TreeIn (T EGin ) 34
EG,out

Exq = Py (35)

The reference temperature in the particular study is selected to take the
value of 298.15 K [31], while all the temperatures in Egs. (36)-(39) must
be set in Kelvin (K).

Developed model

In this study, the optimization and dynamic calculations were per-
formed using a detailed analytical model developed in MATLAB [32].
The model was designed to incorporate all necessary thermodynamic
parameters and operating conditions of the examined closed-loop
Reverse Brayton HTHP cycle.

Importantly, the model was structured to perform detailed thermo-
dynamic calculations while dynamically accounting for the pressure-
drop effects introduced by the heat exchangers, which depend directly
on the working-medium mass flow rate. The pressure-drop correlations,
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as presented in Egs. (36)-(39) were derived from a comprehensive
parametric analysis performed using the commercial CFD software
UNILAB [33].

DPynye = (0.06452-1g” +0.21452-1hg — 0.22679) e 10° (36)
DPgec pigh = (0-06054-mg* +0.21625 thy — 0.24732) ¢ 10° 37)
DPggc 1ow = (0.01379-1hz> + 0.07615-mhz — 0.0872) o 10° (38)

Dpimue = ( —0.00295-thg°> + 0.1072-1hg > — 0.24519-1ihg + 0.67952)
e 10°
(39)

UNILAB is a commercially available and widely used simulation tool
that has been extensively validated for real-world engineering applica-
tions, including turbulent internal flow and heat transfer problems. It is
commonly employed in the design and performance analysis of fin-and-
tube heat exchangers for industrial applications. Therefore, the corre-
lations derived from this software are considered reliable within the
defined geometric configurations and the Reynolds number ranges
examined in this work.

For the purposes of the present analysis, a fin-and-tube heat
exchanger configuration was adopted. Table 2 summarizes the main
geometrical characteristics that vary among the examined cases, along
with the corresponding Reynolds number ranges obtained from the
UNILAB calculations for each geometry. It should be noted that the inner
and outer diameters of the coil tubing were fixed at 36.7 mm and 42.2
mm, respectively, while the fin length and fin pitch were set to 3000 mm
and 6 mm. These parameters were kept constant across all the heat
exchangers considered in the analysis.

As far as the developed code is concerned, it is mainly based on
solving a complex system of equations via iterations. All the thermo-
dynamic properties are calculated using CoolProp libraries by using
specific functions in the MATLAB environment [34]. It has to be
mentioned that the exhaust gases were considered as air as far as the
thermodynamic analysis is concerned. This is a reasonable assumption
since the specific heat capacity of the flue gases is near that of air.
Further information and justification regarding this assumption is
available in Appendix A.

According to the adopted methodological approach, several param-
eters should be defined before iteratively solving the set of equations.
Specifically, Eq. (22) is utilized to calculate the outlet temperature of the
preheated air stream in the HTHE (Tpa oyt)- In addition, the temperature
immediately after the compressor at point 2 of the cycle (hy), as illus-
trated in Fig. 3, is calculated using Eq. (19), while Eq. (2) is applied to
calculate the enthalpy at point 3a (hs,). More specifically, an initial
value for the turbine exit temperature (T,4) is first assumed. Next, the
enthalpy of the air working medium after the LTHE (hs) is calculated
using Eq. (20), and the enthalpy before the compressor (h;) is calculated
through Eq. (21). The calculation of (h;) enables the determination of
entropy at the same point (s1), since the pressure there (p;) is supposed
to be fixed at 1 bar. As a next step, the expression of the compressor’s

Table 2
Geometrical characteristics and Reynolds number ranges of the adopted heat
exchangers.

Heat exchanger HTHE LTHE REC (high REC (low
pressure) pressure)

Tubes per row 40 40 20

Number of rows 8 10 40

Number of circuits 160 200 200

HTHP circuit side Coil side  Coil side  Coil side Fins side

Reynolds number 1.9-6.2 2.7-9.0 1.4-47 1.2

range (x1 04)
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isentropic efficiency, given in Eq. (23), is utilized to calculate the isen-
tropic enthalpy at point 2 (hy;s). This enables the determination of the
total pressure at point 2 (p,) using the CoolProp libraries, with h; ;s and
s1 as inputs. The enthalpy at point 3b (hsp,) is defined using the last two
parts of Eq. (14). The analysis then proceeds with the calculation of the
total pressure at points 3a, 3b, 4 and 5 (see Fig. 3) in [Pa], by using the
parametric mathematical expressions for the pressure drop as a function
of the air working medium mass flow rate in the three heat exchangers of
the HTHP, as described in Egs. (36)-(39).

It is significant to note here that for the REC device, it was necessary
to define separate pressure drop functions for the high-pressure and low-
pressure stages, since the enclosed air passes through both REC circuits.
Additionally, the HTHP air working medium is assumed to flow in the
tube side of both the HTHE and the LTHE, while in the case of the REC
heat exchanger, the tube side corresponds to the low-pressure circuit
and the fin side to the high-pressure circuit. After accounting for the
pressure drops and calculating the total pressure at each point, the en-
tropy at point 3b (s3p) is determined using the CoolProp libraries with
P, and hgp, as inputs. Once the entropy at point 3b and the pressure at
point 4 are known, the isentropic enthalpy hy ;s can be calculated using
CoolProp libraries. Finally, Eq. (24) is solved for the actual enthalpy hy,
and the updated temperature at point 4 (T4pew) is obtained via Cool-
Prop. This new temperature is then used as an input in Eq. (20), and the
iterations are repeated until convergence is achieved. It should be noted
that this iterative procedure is applied both in the parametric optimi-
zation and in the dynamic analysis. The developed model exhibits a
mean real-time calculation of 305.81 s (5.1 min) for the optimization
analysis and 130.11 s (2.17 min) for the dynamic analysis, with a total of
781 and 336 iterations, respectively.

Verification

Given that experimental data of the HTHP are not yet available and
since the current study focuses on the design and dimensioning of the
proposed electrified system to substitute the currently used NG system, a
secondary model developed in the software EBSILON® Professional was
utilized to verify the accuracy and the validity of the present MATLAB
model. EBSILON® Professional [35] is a commercial software, which
can be used for planning, monitoring and optimization of power plants
and other thermodynamic processes. The equations and physics used for
the calculation of each component have been documented. This software
has been validated through experimental results in various studies, as in
study [36], considering HTHP systems and thus it constitutes a reliable
tool for the present analysis.

The operating data that were utilized for the verification procedure
were considered according to an initial dimensioning scenario, which
was developed in the framework of the EEETHOS project. Specifically,
the inlet exhaust gas temperature and the respective preheated air
temperature were assumed to be 85 °C and 230 °C respectively, with the
useful output to take the value of 1090 kWy,. The mass flow rate of the
exhaust gases and the preheated air stream were considered as inputs,
set equal to 21.83 kg/s and 15 kg/s, with both the effectiveness of each
heat exchanger and the isentropic efficiency of the compressor and the
turbine to be considered equal to 85%. The comparison of the two
models was conducted for eight different mass flow rate values of the
enclosed to the cycle air (3-10 kg/s with 1 kg/s step) under steady state
conditions. The results of the present verification are presented in detail
in Fig. 4 for all the examined cases.

As observed in Fig. 4, the results from the MATLAB model demon-
strate sufficient agreement with the reference data, with a mean devi-
ation below 0.4% in all cases and a maximum deviation of 0.60%
observed for the turbine work (Wr) comparison. Particularly, a perfect
match occurs between the two models for the COP (deviation < 0.38%),
the electrical power consumption (deviation < 0.43%), the inlet thermal
power (deviation < 0.25%), the turbine work (deviation < 0.60%), and
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Fig. 4. Verification of the developed model: (a) Coefficient of Performance (COP), (b) Inlet thermal power (Qj,), (c) Compressor’s motor electrical power (Pejmotor)s
(d) Mechanical work from turbine (Wy), (e) Pressure Ratio of the compressor (PR¢) and (f) Pressure Ratio of the turbine (PRy) as a function of the working medium

mass flow rate.

the pressure ratios of the compressor and the turbine (deviation < 0.18%
and 0.36%, respectively). Hence, the developed model accurately cap-
tures all the thermodynamic phenomena that take place in the examined
HTHP and provides reliable results. It should be mentioned that the
validated model was employed for both the optimization and dynamic
analyses.

Results and Discussion

The main results of the present analysis are presented in a dedicated
section. Emphasis is placed on the parametric optimization of the
HTHP’s air working-medium mass flow rate in terms of performance
(COP maximization), with a focus on maximizing the system’s perfor-
mance. The dynamic analysis results are also included in this section.

Preliminary sensitivity analysis

In this section, a preliminary analysis is conducted in order to
investigate the effect of the important design parameters’ variation.
Thus, the isentropic efficiency of the compressor and the turbine, as well
as the effectiveness of the heat exchangers, were taken at several values
(0.70 to 0.90 with a step of 0.05) in order to evaluate how the COP is
affected. Fig. 5 illustrates the variation of the COP as a function of the
mass flow rate for several different values of the heat exchangers'
effectiveness and the two isentropic efficiencies of the compressor and
the turbine. The analysis was conducted for the inlet preheated air
temperature of 150 °C.

As is observed from Fig. 5, the COP is enhanced with the increment of
the isentropic efficiencies of the compressor and the turbine, as well as of
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Fig. 5. Sensitivity analysis for Tpa i, = 150 °C: COP variation as a function of (a) 15 c, (b) nis,r and (c) negr.

the heat exchangers' effectiveness. Generally, COP takes reasonably
higher values when each one of the examined design parameters (njsc,
Nis,7 and nefr) increases. It is worth noticing that the COP maximum in-
creases with the increment of the compressor’s isentropic efficiency,

while this seems to be more intense than in the turbine isentropic effi-
ciency case, in which the respective rise appears to be smoother.
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Parametric optimization

Parametric optimization focuses on the detailed examination of the
HTHP operation, considering several different operating preheated air
temperature inlet levels between 100 °C and 200 °C and variation of the
working medium mass flow rate in the range of 3-10 kg/s in each of the
examined temperatures. Fig. 6 provided the coefficient of performance
and the exergy efficiency (Fig. 6a), the work of the turbine and the
remaining work needed for the compressor (Fig. 6b), as well as the inlet
thermal power and the outlet temperature of the exhaust gases (Fig. 6¢)
as a function of the air working medium mass flow rate for each one of
the examined inlet preheated air temperatures.

As depicted in Fig. 6a, the COP decreases as the inlet temperature of
the preheated air increases. This trend is expected, as higher inlet tem-
peratures require greater compressor work to deliver the same thermal
power output in the HTHE. Conversely, the exergy efficiency increases
with higher preheated-air inlet temperatures, which is reasonable given
that the thermal quality of the heat supplied to the cycle improves.

0 o
Ty =100°C A Tppn=200°C
(with step 10°C) 1 (with step 10°C)
T,,..=200°C | T,,.=100°C

PA,in

500 r 800
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Fig. 6. Parametrical optimization results: (a) COP and 1ey, (b) Wt and W¢ motor
and (c) Qj, and Tgg out.
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An additional noteworthy observation is that the optimal mass flow
rate decreases as the preheated-air temperature rises. This occurs
because the temperature difference between the inlet and outlet of the
HTHE on the closed-circuit side increases with higher inlet tempera-
tures. Finally, it is important to highlight that, for each preheated-air
temperature considered, the maximum COP and maximum exergy effi-
ciency are achieved at the same mass flow rate.

Fig. 6b illustrates the influence of the working-medium mass flow
rate and the inlet temperature of the preheated air on the turbine work
output and the compressor-motor electrical power demand. Notably, the
turbine work reaches its maximum at a mass flow rate of approximately
7.6 kg/s, regardless of the preheated-air inlet temperature, with values
ranging between roughly 350 and 500 kWy,. The effect of the inlet
temperature is comparatively small, as the variation in turbine work
near the optimal operating region is limited to about 25 kW. This
observation confirms the strong dependence of turbine work on the mass
flow rate.

In contrast, the compressor-motor electrical power (Pej motor) reaches
a minimum at the same mass flow rate that maximizes the COP, which is
consistent with the fact that the electrical power consumption is
inversely related to the COP.

From Fig. 6¢, it is evident that the inlet thermal power from the LTHE
to the cycle (Qj,) reaches its maximum values at the same mass flow
rates where the COP is also maximized. An increase in the preheated air
inlet temperature has a remarkable impact on Q;,, causing it to decrease.
This is expected, since higher preheated air inlet temperature leads to
higher turbine outlet temperatures, which in turn reduce the effective
heat capacity of the LTHE, given that the exhaust gases inlet tempera-
ture is assumed to be constant. As far as the outlet exhaust gases tem-
perature, it exhibits a reverse behavior compared to Q,,, which aligns
with the predictions of Eq. (8).

Fig. 7 presents the main output of the optimization procedure, which
is not other than the optimum values of the closed-circuit air mass flow
rate for each one of the examined inlet temperatures of the preheated
air. As observed, the optimum mass flow rate decreases approximately
linearly as the inlet preheated air temperature increases. This diagram
enabled the derivation of an important empirical correlation describing
this relationship. This mathematical expression is available in Eq. (40)
and will be utilized for the dynamic analysis that follows.

Mgope = —0.015-Tpain +8.923, R? =0.99725 (40)

Effect of the useful thermal output

In this section, a parametric investigation is conducted to examine
the effect of the useful thermal output on the performance of the
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Fig. 7. Optimum working medium mass flow rate for each preheated air inlet
temperature.
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proposed HTHP, as well as on the optimal mass flow rate determined
through the optimization process. To this end, five different useful
thermal output levels were considered, ranging from 500 to 1500 kWy,
with a step of 250 kWy,, and the corresponding optimal mass flow rate
was determined for each case. The analysis was carried out considering
steady state conditions and a preheated air inlet temperature of 150 °C.
Fig. 8 presents the results of this parametric analysis, illustrating the
COP curves along with the variation of the optimal mass flow rate as a
function of the useful thermal output.

As illustrated in Fig. 8a, the optimal mass flow rate increases with
increasing useful heat output. This behaviour can be explained by the
fact that, as the heat demand rises, a higher mass flow rate is required to
supply the additional thermal energy while maintaining lower specific
mechanical work requirements for the compressor. It is also noteworthy
that the COP reaches higher maximum values at lower heat demand
levels. This occurs because the pressure ratio tends to decrease when the
required high-temperature heat output is lower, resulting in reduced
mechanical work consumption by the compressor, as also indicated in
Fig. 8b.
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Dynamic investigation

In this section, the dynamic analysis results are presented. The
operation of the examined HTHP system was evaluated under dynamic,
real-life operating conditions based on data provided by the KEBE in-
dustry for a continuous operating period of 168 h, with measurements
recorded every 10 min. The preheated air inlet temperature fluctuated
between 105 °C and 180 °C, while the exhaust gases inlet temperature
was assumed to be constant at 90 °C, as only minor variations were
observed during the examined period within the range of 85-95 °C. The
mass flow rate of the air working medium within the cycle was set to its
optimal values, determined from the timeseries of the inlet preheated air
temperature using Eq. (40). More specifically, real-time adjustment of
the air working medium mass flow rate was considered for the maxi-
mization of the COP. This control strategy is reasonable and engineer-
ingly feasible considering the utilization of Variable Speed Drive (VSD)
technology for the compressor’s motor, which typically provides
response times on the order of seconds and flow control accuracy within
+ 1-3%, which is sufficient within the requirements for COP optimi-
zation in the present case, given the relatively large thermal inertia of
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Fig. 8. Parametric optimization for five different Qo values and Tpa i = 150 °C: (a) COP and (b) PR¢ and W¢ motor.
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kiln-integrated systems. Such control approaches are already widely
applied in industrial HVAC and waste heat recovery systems, accom-
panied by technical feasibility and cost-effectiveness due to the maturity
and moderate cost of VSD technology [37,38].

Fig. 9 provides the main results of the dynamic analysis, highlighting
all power equilibria, the compressor and turbine pressure ratios, the
COP and the exergy efficiency, as well as the outlet temperatures of both
the preheated air and the exhaust gases.

As shown in Fig. 9, the mean operation of the HTHP remains nearly
steady during the examined period, with fluctuations driven primarily
by variations in the preheated air inlet temperature. According to
Fig. 9a, the COP ranges from approximately 1.50 to 1.75, while the
exergy efficiency is between 0.43 and 0.53. It is also evident that the
exergy efficiency reaches its maximum when the COP attains its lower
values, a trend also observed in the optimization analysis (see Fig. 6a). In
Fig. Ob, the inlet thermal power supplied to the cycle through the LTHE
seems to show a relatively smooth variation, further confirming its in-
dependence from the preheated air inlet temperature, as previously
observed in the optimization analysis. Another noteworthy point to
observe in Fig. 9b is that the (Q;,) and the (Pel.motor) Seems to have an
inverse proportional variation. This occurs reasonably considering that
the lower the input thermal power to the cycle, the higher the work
demand in the compressor for achieving the same useful output of 1000
kWi, As Fig. 9c indicates, the outlet preheated air temperature seems to
follow the same variation profile as the inlet one, considering that the
output thermal power is assumed to be constant, something that results,
also, in the maintenance of a constant temperature difference of the
preheated air stream. The fluctuation of the exhaust gases outlet tem-
perature appears to be negligible during the examined period, with the
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mean value being around 70 °C. Fig. 9d shows that both the turbine and
the compressor’s pressure ratio fluctuation are analogous to the inlet
preheated air temperature variation. Another aspect to notice is that the
pressure ratio of the compressor exceeds the respective pressure ratio of
the turbine, something that occurs due to the pressure drop effect, which
is added in the closed circuit from the heat exchanger devices. As a
general observation, several sharp peaks and valley points can be
identified in all diagrams presented in Fig. 9. The most pronounced of
these occur within the first 84 h of the examined time period, appearing
with a periodicity of approximately 18-23 h. This behaviour is primarily
attributed to the preheated air inlet temperature profile, shown in
Fig. 9¢, which constitutes the main input variable of the present dynamic
analysis. As illustrated in the figure, the inlet air temperature exhibits
distinct peak values that coincide with the times at which the corre-
sponding peaks and valleys appear in the other diagrams of Fig. 9. These
temperature peaks are associated with the daily production schedule of
the kiln. During operation, the kiln remains empty for short periods to
allow product sorting and evaluation, while it is intentionally kept
running rather than shut down in order to avoid thermal inertia losses
that would otherwise lead to significantly higher power consumption
during restart. This short no-load operating period causes a noticeable
increase in the air temperature levels inside the kiln. As a result, the
elevated preheated air inlet temperature directly affects the operating
conditions of the examined high-temperature heat pump (HTHP),
leading to the appearance of the observed minimum and maximum
values across the diagrams in Fig. 9.

Environmental analysis

Following the thermodynamic calculations and the determination of



D.N. Korres et al.

the optimum HTHP heat integration configuration within the existing
process, a further evaluation of the dynamic analysis results was per-
formed to quantify the benefits of integrating the HTHP system into the
examined industrial process and to assess the associated environmental
impact. To this end, the dynamic results were extrapolated to full-year
operation, enabling the calculation of annual values for all relevant
parameters, including the useful heat output of the HTHE, the heat input
from the LTHE, and other key performance indicators. The HTHP was
assumed to operate for 50 weeks per year (8,400 h) by repeating the
representative weekly operating profile of 168 h across the 50-week
period.

In the present annual analysis, great emphasis is given on the energy
savings resulting from NG consumption reduction due to the partial
electrification (~10%) of the process ensured by the utilization of the
HTHP. The environmental impact of the proposed integration is also
evaluated, considering the CO; emissions as a main criterion. The total
annual useful energy output coming from HTHP is first calculated and
found to be 8400 MWh/year, considering that the thermal power output
is steady and equal to 1 MWy,. This useful heat is assumed to be obtained
in the kiln combustion zone in the form of high-temperature preheated
air, leading to the reduction of the NG heat demand and, as a result, to
lower NG consumption. Then the annual electrical energy consumption
of the HTHP is calculated. The primary energy consumption was
determined for both the NG and the HTHP case, considering primary
energy factors of 1.05 and 1.91, respectively [39,40]. The CO, emissions
expected from the specific natural gas saved portion are determined and
compared directly to the respective emissions arising from the HTHP
electrical energy consumption. The emission factors which are utilized
for the aforementioned calculations are 0.196 tcoz.eq/MWh for the
natural gas [41] and 0.232 tcoo.eq/MWh for the electrical energy [42],
while the efficiency of the natural gas burners is taken equal to 80%
[43,44]. The electricity and natural gas costs were derived from the
industry’s billing records, with values of 100.7 €/MWh and 43.5
€/MWHh, respectively, while the carbon emission cost was assumed to be
80 €/t [45]. The comparison between the baseline case (NG burners) and
the retrofitted one (NG burners + HTHP) was performed considering as
the comparison basis the total energy consumption of the production
line, which includes the natural gas burned in the combustion zone and
the electricity consumed for the operation of the HTHP. The annual
dynamic analysis results are presented comprehensively in Table 3,
including the primary energy and the emissions calculations, as well as
the financial evaluation of the two scenarios.

Despite the fact that the COy emissions factor for electricity con-
sumption is 18.4% higher than that of natural gas, the total emissions
appear to be reduced with the integration of the HTHP. Particularly, the
installation of the HTHP results in a 5.44% reduction in CO, emissions,
clearly demonstrating the added environmental benefit of the proposed
configuration and the upgrade of the roof tiles production line. Another

Table 3
Environmental and financial impact evaluation of the examined cases.
Analysis parameters Baseline Retrofitted  Difference
NG consumption (MWhyg/year) 80,500 70,000 13.04%
Electricity consumption (MWh,,/year) 0 5168 —
NG Primary Energy consumption 84,525 73,500 13.04%
(MWhpg/year)
Electricity Primary Energy consumption 0 9871 —
(MWhpg/year)
Total Primary Energy consumption 84,525 83,371 1.36%
(MWhpg/year)
NG CO; emissions (tcoz eq/year) 15,778 13,720 13.04%
Electricity CO, emissions (tcoz eq/year) 0 1199 -
Total CO, emissions (tcoz eq/year) 15,778 14,919 5.44%
CO,, cost (€/year) 1,262,240 1,193,523 5.44%
NG cost (€/year) 3,501,750 3,045,000 13.04%
Electricity cost (€/year) 0 520,444 —
Total cost (€/year) 4,763,990 4,758,967 0.11%
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important finding is that the proposed integration leads to a remarkable
13.04% NG consumption reduction, further indicating the positive
environmental impact of the present integration. The energy saving in
primary energy terms is calculated to be 1154 MWhpg/year (1.36%).

In the financial evaluation analysis, it was observed that the total
cost is found to be approximately the same in both the baseline and the
retrofitted cases, with a negligible difference of 0.11% to be observed.
Therefore, the integration of the HTHP provides both lower carbon
emissions and higher primary energy savings, while maintaining total
operating costs comparable to the baseline configuration. It is worth
mentioning that when the HTHP useful output is considered to be
greater than 1 MWy,, lower CO4 emissions are expected to be achieved
with a slight penalty in the total operating cost. For instance, if the HTHP
is assumed to produce 2 MWy, useful thermal power, then it is predicted
that the CO; emissions decreased by approximately 9.8% compared to
the baseline case, with the total operating cost to barely exceed the
baseline scenario’s by less than 2%. This prediction was conducted
through the utilization and further treatment of the useful output effect
analysis results presented in section 3.3, considering a mean preheated
air inlet temperature of 150 °C. As far as the capital expenditure
(CAPEX) is concerned, it should be mentioned that the Reverse Brayton
HTHP is still an under-development technology and thus it is accom-
panied by relatively high manufacturing costs, which results in a
payback period of over 30 years, something that introduces sustain-
ability limitations in potential integration without subsidy. However,
the potential of this technology should not be ignored, considering that
possible mass production could ensure lower capital costs and enhance
the integration sustainability.

Discussion
Scalability to other industrial sectors: Constraints and requirements

Although the current study presents a single case in the KEBE in-
dustry in the ceramic rooftiles sector, the Reverse Brayton HTHP tech-
nology could be a promising solution for implementation in various
industrial applications in different ceramic plants or other sectors
(cement, glass, rubber, pulp & paper, sewage, etc.), ensuring efficient
utilization of the waste heat in several heating processes. However, the
integration of a Reverse Brayton HTHP in a specific industrial environ-
ment is accompanied by various constraints and adaptation re-
quirements that should be considered for evaluating the integration
potential properly in each case.

Generally, waste heat recovery opportunities normally appear in
several industrial processes along the production line (drying, preheat-
ing, cooling, etc.) in all the aforementioned sectors, with differentiations
in the outlet temperature of the heat source medium (e.g., flue gases,
vapor, air), considering that different raw materials are being processed
in each case. Indicated ranges for the aforementioned outlet tempera-
ture are approximately 250-380 °C for cement production (flue gases/
cement preheating) [46,47], 100-150 °C for pulp and paper industry
(exhaust vapor/pulp drying) and 90-100 °C for sewage industry
(exhaust air/sludge drying) [48].

In any case, it is important to investigate any possible constraint that
accompanies each industrial process. These constraints could corre-
spond to process integration, flue gas composition, thermodynamic and
economic limitations. In the cement industry, the flue gases carry high
concentrations of dust and abrasive particles (e.g., raw meal, clinker
dust, etc.). These substances could rapidly erode the heat exchanger’s
active surfaces, leading to a significant degradation in the thermal
effectiveness of the heat exchangers and thus of the system’s perfor-
mance, while increasing at the same time the need for maintenance,
which in turn introduces extra costs and complexity in the production
procedure. In that case, materials or coatings with high abrasion resis-
tance could be selected in combination with the implementation of
robust cleaning strategies (periodic blowdowns, etc.) to ensure
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performance sustainability, by increasing significantly the
manufacturing costs. In the case of the glass industry, waste gas streams
often contain vapors and compounds from the glass melt, which could
rapidly accelerate heat exchanger deterioration, unless high alloys or
anti-corrosive coated surfaces are used. In the pulp and paper industry,
excessive moisture in the stream could promote fouling and corrosion of
the HTHP’s heat exchangers. As far as the rubber industry is concerned,
exhaust gases usually contain volatile and organic compounds (VOCs),
which, in combination with moisture, set severe safety and compati-
bility challenges for heat exchangers’ materials, which should be
considered. To mitigate this, pretreatment of the exhaust gas (e.g., cat-
alytic oxidation and condensation removal) is strongly recommended.

It is important to mention that, considering the relatively low heat
source temperatures (<150 °C) in industries such as pulp and paper,
textile and sewage, possible integration of Reverse Brayton HTHP units
should be examined carefully since a less efficient operation is expected.
For encountering that issue, great emphasis should be given to the
optimization of HTHP, considering the variation of several different
operating parameters (multi-objective optimization) to ensure a sus-
tainable high-performance operation.

Future work

In summary, the investigated integration appears to be a promising
proposal for achieving significant energy savings and CO; emissions
reduction in the ceramics sector via the utilization of low-temperature
waste heat using a novel HTHP set-up. Future work could involve
examining alternative Reverse Brayton HTHP configurations (e.g.,
cascade, reheating, etc.) to achieve even higher useful power output.
Additionally, exploring Reverse Brayton cycles with different working
mediums represents a promising direction for broadening the operating
range of HTHP systems, thereby enabling greater energy savings and
further reductions in carbon emissions. It is important to mention that a
detailed economic analysis considering the Capital Expenditure
(CAPEX) and the maintenance costs would be beneficial for evaluating
in depth the economic viability of a similar integration to the proposed
HTHP integration in an industrial environment. This would ensure a
proper decision making procedure as regards the determination of the
final specifications and the main design characteristics of critical com-
ponents (turbocharger unit, heat exchangers, motor etc.), the selection
of the suitable suppliers and the proper organization of all the necessary
procedures which should be followed during the design and the opti-
mization process of such technologies as well as during the
manufacturing, commissioning and integration of them to existing in-
dustrial sites. Moreover, a detailed investigation of the useful heat
output variation effect considering dynamic operating conditions would
be very useful for possible future investigation, including evaluation of
the respective annual savings and environmental impact. Finally, per-
forming a detailed exergy destruction analysis for each HTHP compo-
nent would be a valuable extension of this work. Such an analysis would
allow for an in-depth evaluation of the thermodynamic performance and
irreversibility sources within the compressor, turbine, and heat ex-
changers. Specifically, this analysis should involve a detailed design
investigation regarding the heat exchanger devices of the HTHP, giving
great emphasis to the HTHE and the LTHE geometries, aiming for the
optimal matching between the temperature profiles of the primary and
secondary flow streams in each heat exchanger case for ensuring the
minimization of the exergy destruction. Additionally, it would provide
insights into the influence of design parameters on component-level
efficiency and enable further optimization targeted at improving the
performance of each HTHP component.
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Conclusions

The present work investigated the integration of an HTHP system in
the KEBE ceramics industry in northern Greece, with the aim of reducing
natural gas consumption in the kiln of the roof tiles production line. The
system operation was first optimized and then dynamically analyzed
using actual operational data to assess its potential for energy efficiency
improvement, environmental impact mitigation, and overall sustain-
ability. Model validation confirmed the accuracy of the developed
MATLAB model, showing deviations below 0.60% compared to the in-
dependent EBSILON model under steady state and selected operating
conditions. Following the verification of the in-house MATLAB model,
an optimization analysis was performed, revealing the existence of an
optimal working fluid mass flow rate at which the COP, exergy effi-
ciency, and inlet thermal power were simultaneously maximized for
each examined preheated air inlet temperature within the range
100-200 °C. The results indicated that both the COP and the inlet
thermal power increased as the inlet air temperature decreased, while
the exergy efficiency followed the opposite trend, in line with thermo-
dynamic expectations. A linear negative correlation was observed be-
tween the optimal mass flow rate and the inlet preheated air
temperature, and an empirical correlation describing this dependency
was derived. The dynamic simulation of the integrated HTHP demon-
strated that the system achieved a COP ranging from 1.50 to 1.75, which
is considered satisfactory given the high-temperature operation of the
kiln. Annual performance analysis further demonstrated the environ-
mental benefits of the system: CO5 emissions were reduced by 5.44%,
accompanied by a 13.04% and 1.36% reduction in NG and in primary
energy consumption, respectively. The mean COP over the annual
operation was calculated as 1.63, indicating consistent performance
throughout the year. Overall, these results highlight the substantial
potential of HTHP integration in high-temperature industrial processes,
both in terms of energy savings and environmental impact reduction.
The study provides a quantitative basis for further deployment of HTHPs
in the ceramics industry and similar sectors.
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Appendix A

Investigation of the system performance for different specific heat capacity values of the flue gases

In this Appendix, a detailed analysis is performed to evaluate the impact of the modelling assumption adopted in the present study, where the flue
gas properties are approximated as those of air, on the performance of the examined high-temperature heat pump (HTHP). The main thermodynamic
property affecting the modelling results is the specific heat capacity of the flue gas, as it directly influences the heat transfer calculations in the Low-
Temperature Heat Exchanger (LTHE). Therefore, the analysis focuses primarily on the sensitivity of the results to this parameter.

For the approximation of real flue gases, the specific heat capacity at 90 °C was assumed equal to 1.05 kJ kg ™! K1 according to the study [49]. This
value corresponds to flue gas generated from natural gas combustion with excess air, which closely represents typical industrial operating conditions.
Fig. A1 compares the air assumption with the real flue gas approximation in terms of the coefficient of performance (COP) and the compressor pressure
ratio (PR¢). The calculations were carried out assuming a preheated air inlet temperature of 150 °C.

As depicted in Fig. A1, the assumption of treating the flue gases main properties and particularly the specific heat capacity as equal to that of air,
provides a sufficiently accurate approximation of the real flue gas properties, as only minor deviations (<1%) are observed in both the COP and PR¢
curves. More specifically, the maximum deviation in COP does not exceed 0.76%, while the corresponding deviation in PR¢ remains below 0.48%.
Therefore, approximating the flue gases as air can be considered a safe and reasonable modelling approach within the framework of the present study.
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