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ABSTRACT

Thermoacoustic heat pumps are a promising heating technology that utilizes medium/low-grade heat to reduce
reliance on electricity. This study proposes a single direct-coupled configuration for a thermoacoustic heat pump,
aimed at minimizing system complexity and making it suitable for domestic applications. Numerical investiga-
tions were conducted under typical household heating conditions, including performance analysis, exergy loss
evaluation, and axial distribution of key parameters. Results show that the proposed thermoacoustic heat pump
achieves a heating capacity of 5.7 kW and a coefficient of performance of 1.4, with a heating temperature of
300 °C and a heat-sink temperature of 55 °C. A comparison with existing absorption heat pumps reveals favor-
able adaptability for large temperature lift applications. A case study conducted in Finland over an annual cycle
analyzes the economic and environmental performance of the system, identifying two distinct modes based on
the driving heat source: medium temperature (>250 °C) and low temperature (<250 °C), both of which exhibit
favorable heating performance. When the thermoacoustic heat pump is driven by waste heat, energy savings
of 20.1 MWh/year, emission reductions of 4143 kgCO,/year, and total environmental cost savings of 1629
€/year are obtained. These results demonstrate the potential of the proposed thermoacoustic heat pump as a
cost-effective and environmentally friendly option for domestic building heating using medium/low-grade heat

sources.

1. Introduction

Heating constitutes a significant portion of energy consumption
in society. Residential dwellings account for 28% of the final energy
consumption in the EU in 2020, second only to the transport sector
(28.4%) [1]. Of this share, about 80% of the energy was dedicated to
space heating and hot water supply [2]. 300 TWh/year of the total
waste heat potential is reported in the EU, with about 60% correspond-
ing to the temperature range of 200-500 °C, which is often referred to
as medium/low-temperature waste heat [3]. The rational recovery of
waste heat has the potential to improve energy efficiency by 10-50% [4].
Although heat pumps based on vapor compression technology are com-
monly used for domestic heating due to their high efficiency [5], there
is a pressing need for a technological transformation towards zero car-
bon solutions to achieve the goal of net-zero carbon emissions by 2050
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[6]. Additionally, the over-reliance on electricity for heat pumps can
lead to challenges such as high loads on the transmission network [7].

The utilization of heat-driven thermoacoustic heat pump (TAHP) sys-
tems has emerged as a promising solution for household heating ap-
plications, given the several benefits that it offers. TAHPs are capable
of operating solely on medium/low-grade heat sources, including so-
lar, geothermal, and waste heat, thereby decreasing the dependence on
electricity. This feature is particularly advantageous for remote areas
where electricity is not readily available. Additionally, TAHP systems
are characterized by their versatility in heat source utilization and high
energy efficiency [8]. Furthermore, TAHPs make use of environmen-
tally friendly working gases, such as helium and nitrogen, and have an
extended life expectancy since they do not contain mechanical moving
parts [9]. These advantages make TAHPs a viable and cost-effective so-
lution for household heating applications, especially in regions where
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Nomenclatures

Symbols

A area, m?

Cp specific heat capacity, J/(kgK)

D diameter, m

dy hydraulic diameter, m

e mass-specific total gas energy, J/kg
f frequency, Hz

fp Darcy friction factor

F viscous pressure gradient

k thermal conductivity, W/(mK)

1 length, m

P pressure, Pa

Pr Prandtl number

q instantaneous axial heat flux, W/m?
Quw film heat transfer, W

Q rate at which heat is transferred, W
T temperature, K

U volume flow rate, m3/s

\Y volume, m3

W, acoustic power, W

n thermoacoustic efficiency

P density, kg/m3

u dynamic viscosity, kg/(m-s)

Mg 0 gas dynamic viscosity, kg/(m's)

0] porosity

0 phase angle, °

| determinant of the matrix
Abbreviations

AHX ambient-temperature heat exchanger
COP coefficient of performance

C, cost saving

EPCS environment penalty cost saving
ER CO, emission reduction

FES fuel energy saving

HX heat exchanger

HHX heating heat exchanger

HSHX  heat-source heat exchanger
PT pulse tube
REG regenerator
SHX heat-sink heat exchanger
TBT thermal buffer tube
TCS total cost saving
TAHP thermoacoustic heat pump
Subscripts
a ambient
dem demand
e engine
g gas
h heating/heat pump/hour
in input
m mean/month
out output
sub subunit
K thermal
) viscous
year

there is an abundance of medium/low-grade heat sources. Although it
is challenging to accurately estimate the market potential for thermoa-
coustic heat pumps due to their current lack of mass production, their
simple construction almost dictates that their market costs will be opti-
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mistic. It is essential to continue exploring and improving TAHP systems’
performance to maximize their benefits while minimizing their limita-
tions.

Thermoacoustic heat pumps have received limited research attention
so far, with most studies focused on refrigeration and power generation.
The experimental research is still at the stage of laboratory prototypes.
In 2004, Haywood et al. developed a thermoacoustic-Stirling type heat
pump, which achieved a heating capacity of 2.2 kW at a heating tem-
perature of 20 °C [10]. Similarly, Mohamed et al. demonstrated a ther-
moacoustic heat pump functioning as a heater in 2011, which generated
a heating temperature of 370 °C [11]. In 2015, Yang et al. constructed
a linear-compressor-driven travelling-wave thermoacoustic heat pump
for ultra-low temperature operation and achieved a heating capacity of
260 W at an ambient temperature of -20 °C [12]. More recently, Li et al.
built a 1 kW-class thermoacoustic-Stirling type heat pump and achieved
a maximum coefficient of performance for heating (COP},) of 1.4 under
heating and ambient temperatures of 50 °C and -20°C, respectively [13].
Widyaparaga et al. reported a maximum temperature difference of 23 °C
in a dual-acoustic driven thermoacoustic heat pump in 2020 [14]. Ad-
ditionally, in 2022, Yang et al. proposed a two-stage looped heat-driven
thermoacoustic system for combined cooling and heating and achieved
a maximum COPy, of 1.24 when operating as a heat pump [8].

In recent years, theoretical investigations have also been carried out
to enhance the understanding of thermoacoustic heat pumps. In 2014,
Mohammad et al. employed a multi-objective optimization approach
to study irreversible Stirling heat pump cycles, with the objective of
maximizing the heating load and coefficient of performance while min-
imizing the input power of the heat pump simultaneously [15]. Subse-
quently, they proposed a thermo-economic optimization method utiliz-
ing a non-dominated sorting genetic algorithm [16]. In 2014, Barreno
et al. put forth a preliminary design of a thermoacoustic-Stirling type
heat pump and analyzed the stability of its operation by considering pos-
sible variations in working conditions [17]. In 2019, Sun et al. proposed
a gas-fired heat-driven thermoacoustic heat pump system that achieved
a COPy, of 1.72 with a heating temperature of 60 °C and an ambient
temperature of 0 °C [18]. In 2020, Khan et al. conducted an assessment
of a 500 kW-class thermoacoustic-Stirling type heat pump in terms of
its environmental footprint over a 15-year period [19]. Comparative re-
sults with natural gas-fired and oil-fired boilers demonstrated that the
thermoacoustic-Stirling type heat pump could reduce environmental im-
pact by at least 10% up to over 40%. Cheng et al. simulated a beta-type
Stirling heat pump using a thermodynamic model, obtaining a heating
power of 904 W for hot water at 38 °C [20]. In 2021, Xu et al. simulated
a thermoacoustic combined cooling, heating, and power (CCHP) system
that obtained a heating power of 3.55 kW with an overall exergy effi-
ciency of 24.1% [21]. In 2022, Yang et al. presented a theoretical study
on a phase-change travelling-wave TAHP system, demonstrating the po-
tential for efficient and cost-effective heat pumping [22]. Similarly, in
the same year, Chen et al. simulated a dual-acoustic driver TAHP sys-
tem, confirming the significance of establishing a traveling-wave acous-
tic field for generating larger temperature differences [23].

Currently, available thermoacoustic devices driven by thermoacous-
tic engines have multiple core units [24-26], and the phase shifter reg-
ulates the acoustic fields to meet the requirement of a 360°/N phase an-
gle difference between the entrance and exit of the thermoacoustic core
unit, where N is the number of core units. However, the complexity of
integrating these multi-unit thermoacoustic heat pumps with existing
household heating and cooling water systems poses a significant chal-
lenge, limiting their practical application for household heating. Addi-
tionally, inconsistent working conditions among individual units further
impede long-term and stable operations [27]. As a result, recent research
efforts have shifted towards the development of single-unit thermoa-
coustic heat pump (TAHP) systems. This necessitates the design of a new
phase shifter capable of achieving a 360° phase angle difference between
the exit and entrance of the thermoacoustic unit since conventional res-
onant tubes fail to meet this requirement. Furthermore, while previous
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studies have proposed multi-core unit thermoacoustic devices for op-
eration in the room temperature zone, these ideas remain conceptual
[28]. In practical applications, the heat load varies, and although some
previous studies have provided system performance under different op-
erating conditions to some extent [8], they fall short of meeting the ac-
tual demand. Therefore, this research aims to bridge these gaps through
a comprehensive analysis of energy, environmental, and economic in-
dicators of a thermoacoustic heat pump system. The study introduces
novel elements that contribute to the expanding body of knowledge in
this field:

e To the best of the authors’ knowledge, there are currently no re-
ported simulations or experiments concerning single-unit direct-
coupling thermoacoustic heat pump systems. This research presents
a novel system that incorporates a cavity structure at an optimal lo-
cation and investigates its thermodynamic and thermoacoustic char-
acteristics. The adoption of this approach offers several advantages,
including the minimization of system complexity and the resolution
of performance instability issues.

e To date, there have been no reported investigations that combine
thermoacoustic heat pumps with practical applications. In light of
this gap, this study examines the practical application potential of
the proposed system by conducting a case study focused on a typi-
cal household in Finland. By doing so, the research aims to provide
insights into the real-world implementation of thermoacoustic heat

(a)
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pumps and their feasibility for residential heating applications in
specific geographical contexts.
The existing body of work on thermoacoustic heat pump systems pri-
marily focuses on thermodynamic and thermoacoustic performance
analyses. In contrast, this research expands the scope by conduct-
ing a comprehensive assessment of the proposed system’s combined
energetic performance, economic viability, and environmental po-
tential. This study incorporates quantitative analysis to evaluate the
energy-saving benefits and environmental impact of employing ther-
moacoustic heat pump systems for household heating applications.
¢ In the present research, the heating performance of the thermoacous-
tic heat pump is further compared to more conventional absorption
heat pumps at different temperature lifts, for the first time.

2. System description

Fig. 1 (a) shows the schematic of a heat-driven thermoacoustic heat
pump (TAHP) system, which comprises a single direct-coupling energy-
conversion core unit and a phase-shifter unit. The core unit consists of
an engine stage and a heat pump stage. The engine stage includes a
heat-sink heat exchanger (SHX,), a regenerator (REG,), a heating heat
exchanger (HHX,), and a thermal buffer tube (TBT,). The heat pump
stage consists of a cooler, which includes a heat-sink temperature heat
exchanger (SHX,,), a regenerator (REG;,), a heat-source heat exchanger
(HSHX;,), and a thermal buffer tube (TBT},). The phase-shifter unit com-

! Fig. 1. (a) Schematic of a heat-driven thermoacoustic heat
pump (TAHP) system with a single direct-coupling config-
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RT,

uration. (b) Envisioned configuration of a heat-driven ther-
moacoustic heat pump (TAHP) system for domestic applica-
tions including space heating and hot-water supply. SHX is
the heat-sink heat exchanger, REG is the regenerator, HHX is
the heating heat exchangers, TBT is the thermal buffer tube,
HSHX is the heat-source heat exchanger, RT is the resonant
tube, CT is the cavity, and Q is the heat flow. e is for the
engine and h is for the heat pump. The subscript in means
input and out means output.

(b)
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Table 1
Dimensions of each component of the TAHP system.
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Subunit Parts Diameter Length Other dimensions
(mm) (mm)

Engine SHX, 150 33 Shell tube type, 11% in porosity, 1 mm in internal diameter
REG, 150 40 76% in porosity, 50 pm in wire diameter
HHX, 150 33 Shell tube type, 11% in porosity, 1 mm in internal diameter
TBT, 150 100 7 mm in wall thickness

Heat pump SHXj, 150 33 Shell tube type, 11% in porosity, 1 mm in internal diameter
REGy, 150 35 73% in porosity, 50 um in wire diameter
HSHXj, 150 33 Shell tube type, 11% in porosity, 1 mm in internal diameter
TBTy, 90 50 7 mm in wall thickness

Phase shifter RT, 54 2150 1E-3 in relative roughness
CT 115 500 1 mm in wall thickness
RT, 54 9650 1E-3 in relative roughness

prises two resonators (RT; and RT,) and a cavity (CT), and it is used to
regulate the phase relationship between the pressure and volume flow
rate at the inlet and outlet of the core unit, in order to achieve suitable
acoustic matching.

Fig. 1 (b) illustrates the envisioned configuration of a heat-driven
thermoacoustic heat pump (TAHP) system for domestic applications,
including space heating and domestic hot water (DHW) supply. The sys-
tem operates as follows: self-excited thermoacoustic oscillation is initi-
ated when the axial temperature gradient across the regenerator (REG,)
reaches a critical value, leading to the conversion of heat to acoustic
power. The amplified acoustic power is then utilized to drive the heat
pump stage, which transfers heat from the heat source to the heat sink.
The heating heat exchanger (HHX,) is heated by the medium/low-grade
heat source (e.g., solar, geothermal, waste heat), while the heat-source
heat exchanger (HSHXj)) is cooled by the ambient heat source (e.g., air).
The heat-sink heat exchangers (SHX,) are maintained at the desired in-
door heating temperature by circulating water to be heated. Table 1
provides the geometric dimensions of the main components of the TAHP
system.

3. Model description and validation

The numerical simulations of the heat-driven thermoacoustic heat
pump (TAHP) system are conducted using the Sage program [29], which
is a widely used software for modeling and calculating thermoacoustic
devices [30-34]. The Sage program is based on a time-domain model,
and it solves the conservation equations of mass, momentum, and energy
in the gas domain. These equations are used to describe the thermody-
namic and acoustic behavior of the TAHP system during operation:

OpA  OpuA
R L)

1
ot ox M
dpuA  dupuA  dp
——+ —A-FA=0 2
ot + ox * 0x @
dpeA J0A J
g +pg+x(upeA+upA+q)—Qw =0 3)

where p is the density of the working medium, A denotes the cross-
sectional area of the channel, and u is the velocity in the x-direction.
F, g, and Q,, are the viscous pressure gradient, the heat flux by axial
conduction of gases, and the heat flow per unit length through the neg-
ative z surface caused by film heat transfer, respectively. e = k + u?/2 is
the mass-specific total gas energy and « is the mass-specific internal gas
energy. p denotes the pressure.

According to the empirical functions, the terms F, ¢ and Q,, can be
expressed as,

F =—(fp/dy+ Kios/1) pulul /2 @
g =-Nik, S A 5)

Qw = Nu(kg/dh)SX(Tw_T) (6)

where f, d,, and K, are the Darcy friction factor, hydraulic diameter,
and the total local loss coefficient, respectively. Ny is an axial conduc-
tivity enhancement ratio that is represented as a ratio of the effective gas
conductivity to the molecular conductivity. k, is the gas conductivity.
Nu, Sy, and (T,, — T) denote the Nusselt number, the wetted perimeter,
and the temperature difference between the negative z surface and the
section average, respectively.

To characterize the thermoacoustic heat pump, some parameters are
employed as shown in Appendix. A.

To validate the simulation, an experimental prototype of a two-stage
thermoacoustic heat pump system was built. The experimental setup is
shown in Fig. 2 (a) and (b), and the system consists of two similar ther-
moacoustic core units. Fig. 3 (a) and (b) compare the numerical and ex-
perimental results of the output heating capacity (Q,,,) and coefficient
of performance (COP) under different heat-source temperatures respec-
tively. The average deviations on Q,,, and COP are 3.5% and 3.6%,
respectively. This verification indicates that the presented TAHP system
can be satisfactorily simulated by the Sage program, demonstrating the
accuracy and reliability of the numerical simulations.

4. Results and discussion
4.1. System performance and exergy loss analysis

Table 2 lists the simulation results of the proposed TAHP system at
the nominal condition for household heating applications. The heat-sink
temperature (Ty;,) is set at 55 °C, which is reported as the minimum
temperature to prevent harmful bacteria in the hot water supply [35].
The heat-source temperature (Ty,.ce) is set at 7 °C, following the indus-
trial standard in the heat pump field [36]. The heating temperature of
the HHX, (T;,) is set at 300 °C, as the intention is to utilize medium/low-
grade temperature heat. Under these working conditions, the TAHP sys-
tem is shown to provide an output heating capacity (Q,,) of 5.7 kW, a
coefficient of performance (COP) of 1.4, and a relative Carnot efficiency
() of 39.9%.

Table 2

Numerical results of the TAHP system for the specific working condition.
Symbol Parameter Value
P, Mean pressure (MPa) 10
P, Pressure ratio at inlet of engine stage 1.07
Ty Heating temperature of the engine stage (K) 573
Tyource Temperature of the heat source (K) 280
Tsink Temperature of the heat sink (K) 328

Working frequency (Hz) 72.2

Qejin Input heating power in engine stage (kW) 4.1
Quut Output heating capacity of the system (kW) 5.7
cop Coefficient of performance of the system 1.4

n Relative Carnot efficiency of the system 39.9%
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Fig. 2. Experimental setup of the two-stage thermoacoustic heat pump
system: (a) schematic of the system and (b) prototype photograph of the
system.

Fig. 3. Comparison of numerical and experi-

mental results of the two-stage thermoacous-
-~ o tic heat pump under different heat-source tem-
peratures (T,=573 K, P,,=10 MPa): (a) Output

=15k S \ 3 12}% it = heating capacity (Q,,.), (b) coefficient of per-
B [N = - \ - formance (COP) of the system. Ty, Ty, and
é \ (@) @ \ P, denote the heating temperature, heat-sink
5 10¢ [—m—-10°C, Exp \_\ Q L1 }—=—0°¢, Exp \. 2 temperature, and mean pressure.
A |-~ -10°C, Num ~ = --10°C, Num
S F—>—-20°C, Exp —»—-20°C, Exp
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0 |—2—-30°C, Exp —e—-30°C, Exp
— — :-30°C, Num H : 0.9 — — -30°C, Num H i
35 40 45 50 T35 40 45 50
o 0,
smk ( C) smk ( C)

Exergy loss distribution analysis is conducted to assess the system’s
structural parameters and identify areas for further improvements. The
typical sources of exergy loss in the system include flow friction loss
(AE,;), non-ideal heat transfer loss (AEy,,) between the gas and the
solid, and axial heat flow loss (AEp,). These losses can be expressed as:

uAF

AEs;e==-Tox ¢ [ @)
dx
dt
Qu * VTw
AEg, =-Ty X 8
Qw 0 dfv T2 ®)
dt
AEy, = / L )
ox = dv T2

dt

where g and VT respectively represent the heat flux and the temperature
gradient. The subscript x means the term between gas and solid, and the
subscript w means the term between gas and gas or between solid and
solid.

According to the results of the exergy loss ratio in the main compo-
nents of the TAHP system, as shown in Fig. 4, it is observed that the ma-
jority of the exergy loss occurs in the REG,, accounting for 33.7% of the
total exergy loss. This is attributed to the loud impedance in the regen-
erator, manifested as a significant proportion of non-ideal heat transfer
losses and axial heat flow losses. Similar observations are made for the
REG;,, which accounts for 20.2% of the total exergy loss. In the reso-
nant tubes (RT; and RT,), flow friction loss due to the large tube length

is the main contributor to the exergy loss, with 8.25% and 14.4% of
exergy loss occurring in RT; and RT,, respectively. Other components
in the system also exhibit varying degrees of exergy loss, primarily due
to heat flow loss. These findings provide insights into the areas with

[ Flow friction loss

@‘ 32t Surf heat flow loss
< B Acxial heat flow loss
-g ” B Loss dlscrepancv
£ ! :
7¢]
3 B | I
2 16} | | _
& | |
E-) 1 |
- 8 I I
= ! :
I I
0
Y
SRR g;\* AR o

Fig. 4. Exergy loss analysis of each component. SHX is the heat-sink heat ex-
changer, REG is the regenerator, HHX is the heating heat exchangers, TBT is the
thermal buffer tube, HSHX is the heat-source heat exchanger, RT is the resonant
tube, and CT is the cavity. e is for the engine, and h is for the heat pump.
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Fig. 5. Axial distributions of key parameters including the am-
plitude (|P|) and phase (6p) of the pressure wave, the ampli-
tude (|U|) and phase (8) of the volume flow rate, the phase
difference between the two (6p.y), the gas temperature (T),

and the acoustic power (W,) of the system. (a-c) is for the core
unit, and (d-f) is for the entire system.

400F —— P (kPa)— — |U] (m¥/s)] 0.06
£ 300F
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higher exergy losses and offer guidance for potential improvements in
the system’s structural parameters to enhance overall performance.

4.2. Axial distributions of key design parameters

Although conventional standing-wave thermoacoustic devices re-
main a subject of active research [37,38], the implementation of
traveling-wave acoustic fields across the regenerators has been demon-
strated to facilitate efficient energy conversion in thermoacoustic sys-
tems [39]. Hence, it is imperative to evaluate the thermoacoustic char-
acteristics of the proposed TAHP system by examining the axial distri-
butions of key parameters. The reference point for axial positioning is
set at the inlet of SHX,. Regarding the core unit, Fig. 5 (a—c) illustrate
the variation of the acoustic power (W,), the phase difference between
the pressure wave and volume flow rate (6p.), and the gas tempera-
ture (T;). The phase difference between the pressure wave and volume
flow rate rises from -36.1° to -14.7° in the REG, and rises from 25.7° to
35.7° in the REGy,, showing reasonable traveling-wave components. As
for the acoustic power distributions, the original generation of approx-
imately 2.2 kW of acoustic power is amplified to 3.4 kW in the engine
stage and subsequently reduced to 2.6 kW after the utilization of the
heat pump stage. For the entire system, Fig. 5 (d-f) shows the ampli-
tude (|P|) and phase (6p) of the pressure wave, the amplitude (|U|) and
phase (0y) of the volume flow rate, the phase difference between the
two (0p_yy), and the acoustic power (W,). Both |U| and |P| exhibit sinu-
soidal changes along the axial position, with careful consideration given
to the peak value of pressure wave amplitude for stress verification in
engineering. Furthermore, the phase angle distribution highlights the
significant role played by the cavity structure in phase modulation and
also reveals varying degrees of acoustic power loss in the core and phase
shifter unit.

4.3. Effect of the heating temperatures under different mean pressures

The heating temperature is dependent on the grade of the driven
heat source. To investigate the potential of the proposed TAHP system
in household heating applications, it is crucial to analyze the system’s
performance under varying heating temperatures. Fig. 6 shows the per-
formance variation of the TAHP system with heating temperatures rang-
ing from 525 K to 650 K, and mean pressures from 4 MPa to 10 MPa.
Generally, an increase in heating temperature and mean pressure leads
to improved input and output heat, but the impact on efficiency is not
significant. However, when the mean pressure and heating temperature
reach a certain level, there may be a slight decrease in efficiency due to
increasing losses. Simultaneously, both parameters cannot be too small,
as it may result in a significant reduction in system performance or even
failure to initiate thermoacoustic oscillation. The optimum operating
condition for performance is observed at a mean pressure of 6 MPa and

0 2000 4000 6000 8000 1000012000

Axial position (mm)

a heating temperature of 600 K, resulting in an output heating capacity
of 3.9 kW and a COP of 1.4 for the TAHP system.

4.4. Effect of the heat-sink and heat-source temperatures

The operating conditions of domestic heat pumps are determined
by environmental factors, including heat-sink and heat-source temper-
atures, which significantly impact the heating performance of thermoa-
coustic heat pumps. Fig. 7 (a—d) illustrates the effect of heat-sink tem-
perature on the heating performance under different heat-source tem-
peratures. The heat-source temperature varies between 260 K and 310
K, representing the seasonal variations in air temperature. The heat-sink
temperature ranges from 298 K to 363 K, encompassing the applications
for low-temperature underfloor space heating to domestic hot water pro-
vision.

Generally, the input heating power, output heating capacity, and
COP increase as the temperature difference between the heat sink and
heat source decrease, while the efficiency (5) exhibits the opposite trend.
However, an exception is observed at heat-source temperatures of 260
K, 270 K, and 280 K, indicating the existence of an optimal heat-sink
temperature for the relative Carnot efficiency of the system. The results
demonstrate that the TAHP system can provide a stable output heating
capacity with a COP ranging from 0.91 to 1.51 across the considered
temperature range, indicating a promising potential for domestic heat-
ing applications in a wide temperature range. Specifically, in the typical
domestic heating supply temperature range of 50 °C to 70 °C, the TAHP
system can deliver an output heating capacity of 3 kW to 7 kW with a
COP of 1.28 to 1.42 when the heat-source temperature is set at 7 °C.
Notably, the system performance at a heat-source temperature of 260 K
and 270 K demonstrates that the TAHP system still works properly when
the heat-source temperature is below 0 °C and will not suffer from prob-
lems such as frosting, due to the using cryogenic working gases such as
helium and nitrogen.

4.5. Comparison with absorption heat pumps under different temperature

lift

The thermoacoustic-Stirling type heat pump system has been re-
ported to exhibit adaptability to different working temperatures and
promising performance under high-temperature lift (AT =T},-Tsource)
[11,40]. The performance of the proposed thermoacoustic heat pump
system is studied in this section under different temperature lifts (AT)
and compared with absorption heat pump (AHP) systems. The heating
temperature of the TAHP system is set at 350 °C, and the temperature
lift between the heat-source and heat-sink temperature (AT) is varied
from 20 °C to 90 °C. The results, as shown in Fig. 8, indicate that the
coefficient of performance (COP) of the TAHP system decreases with an
increase in temperature lift.
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Fig. 6. Effect of the heating temperatures and mean pressures
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The comparison of COPs among different heat pump systems reveals
that the double-effect AHP system exhibits the highest COP, followed
by the single-effect AHP system. The TAHP system and the double-stage
AHP system have comparable COPs. However, the TAHP system shows
stable heating performance over a wide range of temperature lifts and
promising performance in large temperature lift applications that AHP
technology cannot achieve (AT>60 °C). In contrast, the double-stage
AHP system achieves a maximum temperature lift of about 60 °C, the
single-effect about 50 °C, and the double-effect less than 25 °C. These
findings suggest that the TAHP system has favorable potential for appli-
cations that require large temperature lifts, making it a promising option
for high-temperature heat pump applications where AHP systems may
not be as effective. Further studies and analysis of the energy, environ-
mental, and economic indicators would provide a comprehensive evalu-
ation of the performance and feasibility of the TAHP system in practical
applications, especially in the context of domestic heating.

5. Economic and environmental analyses

In this section, a neural network model is proposed to assess the eco-
nomic and environmental potential of the TAHP system, while reducing
computational costs. Fig. 9 illustrates the flow chart of economic and en-
vironmental analyses combined with the neural network model. Firstly,
the TAHP system’s performance is evaluated at various specific oper-
ating conditions, including heating and heat-source temperatures. The
results are utilized to generate a matrix of input variables and output
performance, which is then iteratively trained until achieving the de-
sired level of precision, as indicated by the coefficient of determination
of the neural network model approaching 1. This signifies the successful
learning of the relationship between input variables and output perfor-
mance [44]. Subsequently, the annual hourly heating temperature and
coefficient of performance variation of the TAHP system are obtained
by substituting the hourly air temperature and heat demand values, re-
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Fig. 8. Comparison of the TAHP and absorption heat pump (AHP) systems un-
der different temperature lifts (AT=T-Tsource)- The single-effect AHP [41-43],
double-stage AHP [42,43], double-effect AHP [42], and TAHP are marked in
blue, green and red, respectively.

trieved from a database for a typical household throughout the year,
as output. Finally, a quantitative analysis of the economic and environ-
mental potentials of the TAHP system is conducted.

According to the HOTMAPS PROJECT [45], Finland has a rela-
tively higher year-round heating demand compared to other Euro-
pean countries, making it an ideal candidate for investigating the fea-
sibility of the proposed thermoacoustic heat pump. Fig. 10 presents
the heat demand and average air-temperature data [43] of Finland
over a year. The hourly heat demand (Qgepy) can be calculated as
Qdem,h=Qdem,y XMh XA 4, Where Qgem,y denotes the annual total heat load
demand and is taken as 169 kWh/m?2 here [45], ny, is the hourly heat
load norm according to the HOTMAPS PROJECT [45], and A4 denotes
the average floor area of occupied dwellings and is taken 97.6 m? here
according to the EU Buildings Database [46]. Based on the distribu-
tion condition of hourly heat demand, we define the period of relatively
greater need for heating (Qgem,n>1 kW) as the heating demand season.

The heating performance of the TAHP system at varying heating tem-
peratures and heat-source temperatures, obtained from the neural net-
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Table 3

Economic and environmental parameters and the annual potential of the
TAHP system.

Parameter Value

82% [47]

0.0563 €/kWh [47]
0.206 kgCO,/kWh [48]
0.12 €/kgCO, [49]
20.1 MWh/year

Efficiency of gas boiler, #;;

Natural gas price, c,,

CO, emission factor for natural gas, f,,,
Cost of unit CO, emission, ¢y
Annual fuel energy saving, FES

Annual total cost saving, TCS 1629.7 €/year
Annual environmental penalty cost saving, EPCS ~ 497.2 €/year
Annual energy cost saving, C, 1132.5 €/year

Annual CO, emission reduction, ER 4143.7 kgCO,/year

work model, is shown in Fig. 11. Q,,,, and COP of the TAHP system both
rise with the increase of heating and heat-source temperatures. By tak-
ing the hourly heat demand as the output heating capacity and average
air temperature as the heat-source temperature in the neural network
model, the hourly heating temperature, as well as COP can be obtained,
as shown in Fig. 12. On cold winter days, not only is the heat demand
greater, but the temperature difference between the heat sink and heat
source is also larger, requiring a relatively higher heating temperature.
During the defined heating demand season, there is a visible demarca-
tion in the variation of Ty, as shown in Fig. 12 (a). The TAHP system
can be considered to operate in two modes, medium temperature mode
(T, = 250 °C) and low-temperature mode (T}, <250 °C), depending on
the driven heat source grade level, i.e.: medium/low-grade heat source.
The system obtains promising heating performance in both modes with
a COP higher than 1.24. The COP of TAHP in mid-temperature mode
is superior to that in low-temperature mode, which fluctuates relatively
less.

The environmental and economic potential of the TAHP system is
then investigated when it is entirely driven by waste heat without us-
ing electricity. The economic and environmental calculation models are
listed in Appendix. B. Monthly total cost savings (TCS) and CO, emis-
sion reduction (ER) are estimated assuming the hourly heat demand is
precisely covered, and the results are shown in Fig. 13. Table 3 lists the
annual economic and environmental parameters used in the calculations
and the annual potential of the TAHP system. The results show that an
individual TAHP system can achieve a fuel energy saving of 20.1 MWh,
a total cost saving of 1629 €, and an emission reduction of 4143 kgCO,
over a year, demonstrating promising prospects for domestic heating
applications in the future.

System performance under
different heating and heat-source
temperatures

Fig. 9. The flow chart of economic and envi-
ronmental analyses combining neural network
model. (Prerequisite: to meet the heat demand
in domestic application with output heating ca-
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Fig. 10. (a) Hourly heat demand over a year, (b) monthly heat
demand over a year, (c) hourly average air-temperature over a
year, and (d) monthly air-temperature conditions over a year.

Fig. 11. Neural network model for the heating performance
of thermoacoustic heat pump under different heating temper-
atures (T},) and heat-source temperatures (Ty,,..) on (a) out-
put heating capacity (Q,,,) and (b) coefficient of performance
(COP) (Tgp =55 °C).

Fig. 12. Hourly heating temperature demand and coeffi-
cient of performance of the TAHP system at the heating de-
mand season. The heat-source temperature is equal to the air-
temperature and the output heating capacity is equal to the
heat demand (T;; =55 °C).
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Although thermoacoustic heat pump technology holds promise for
domestic heating applications, it is still in the early stages of develop-
ment. Several challenges must be overcome to realize its market po-
tential, particularly in terms of investment costs. The core components
of thermoacoustic heat pumps, such as regenerator structures requir-
ing specific porosity wire mesh and heat exchangers made of copper,
involve relatively expensive materials. To make thermoacoustic heat
pumps commercially viable, cost reduction through mass production
and commercialization is necessary. Another cost-related factor is the
use of high-pressure helium as the working gas, which can be expen-
sive. While nitrogen could be an alternative, it would compromise the
system’s performance. Therefore, there is a potential trade-off between
cost and performance that needs to be considered. Addressing these cost-
related issues is crucial for the successful implementation of thermoa-
coustic heat pumps as a renewable household heating technology and
for effectively harnessing waste heat recovery.

6. Conclusions

This study introduces a novel heat-driven thermoacoustic heat pump
(TAHP) system with a single direct-coupling configuration, which has
the potential to utilize medium/low-grade heat for domestic heating.
Initially, the working principle of the heat-driven TAHP system was
described. Subsequently, the acoustic field characteristics of the TAHP
system were investigated using numerical methods, considering various
parameters such as working temperatures and pressures. A comparison
was then made between the TAHP system and the absorption heat pump
at different temperature lifts. Finally, the potential of the TAHP system
for domestic heating was analyzed from environmental and economic
perspectives.

(1) The introduced TAHP system demonstrates satisfactory heating
performance under conventional heat pump operating condi-
tions, capable of delivering an output heating capacity ranging
from 3 kW to 7 kW, with a coefficient of performance (COP) rang-
ing from 1.28 to 1.42, when the heat-source temperature is 7 °C
and the heat-sink temperature falls within the range of 50 °C to
70 °C.

In scenarios of atypical heating demand, the TAHP system ex-
hibits promising prospects in a wide temperature lift range
(AT>60 °C). It has been demonstrated to function effectively even
at low heat-source temperatures (Ty,..<0 "C), thereby offering
a complementary solution to the existing domestic heating meth-
ods, particularly in addressing the gap in large temperature dif-
ferences and low heat-source temperatures.

The utilization of the TAHP system can significantly reduce re-
liance on electricity. Economic and environmental analyses re-
veal that an individual TAHP system can yield a fuel energy sav-
ing of 20.1 MWh and reduce emissions by 4143 kgCO, over the

(2)

3

11

10
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_800 Fig. 13. Monthly total cost saving (TCS) and CO, emission re-
duction (ER) over a year. The TCS includes the environmental
penalty cost saving (EPCS) and energy cost saving (Cj).
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course of a year. When considering both the energy and envi-
ronmental savings, a total cost reduction of 1629 €/year can be
achieved. These findings underscore the advantages of thermoa-
coustic technology as a viable and environmentally-friendly al-
ternative.
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Appendix A

The coefficient of performance (COP) of the system can be expressed as

Qout

e,in

COP = (Al)

where

Qout = Qe,out + th,aut

Q¢ denotes the output heating capacity of the system, O, ,,, and Oy, ,,,
are the output heat from the SHX, and SHX;,, respectively. Q,, is the
input heat to HHX,.

Eq. (A3) gives the relative Carnot efficiency of performance of the
system,

(A2)

e,in

COP
= (A3)
Tsink + Th—Tsinke 5 Tsink
Ty Ty Tsink=Tsource
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where Ty, and Ty, are the temperatures of the heat sink and heat
source, respectively.

Appendix B
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