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ARTICLE INFO ABSTRACT

Handling Editor: G Chicco Effectively utilizing low-grade thermal energy is a promising approach to mitigating greenhouse gas emissions

while reducing the burden on centralized power grids. Current thermoacoustic heat pumps and power generators

Keywords: face challenges such as high onset temperature differentials and low performance. This paper addresses these
Thermoacoustic challenges by introducing a gas-liquid resonator into a thermoacoustic combined heat and power systems to
Heat pump

recover low-grade thermal energy in residential buildings. Through Sage modeling and calculations, the internal
characteristics of the proposed system and its output performance under different operating conditions are
explored. At a heating temperature of 350 °C, the system can generate 6.4 kW of output thermal power, 0.9 kW
of electricity, and overall exergy efficiency is 79.3 %. Combining neural network models with case studies
conducted in Spain and Finland, the system can annually save 5.6 MWh and 20.7 MWh in fuel energy, reduce
emissions of 1374 kg and 5180 kg of carbon dioxide, and save a total cost of €611 and €2324, respectively.
Furthermore, comparisons with other emerging micro-CHP systems highlight the efficiency of the proposed
system. These results indicate the high potential of thermoacoustic combined heat and power systems in
recovering low-grade thermal energy and achieving energy savings and emission reductions.

Power generation
Combined heating and power (CHP)
Low-grade thermal energy utilization

1. Introduction generation by producing power and heat locally [3]. Micro-CHP is a

decentralized system that generates both heat and electricity and is

The buildings, transportation, construction, and agriculture in-
dustries stand as significant global energy consumers, utilizing energy
for both heat and electricity production [1]. Distributed heat and power
generation systems, leveraging renewable and low-grade thermal en-
ergy sources, hold promise in curbing greenhouse gas emissions and
enhancing energy efficiency. Additionally, this approach offers secure,
reliable, cost-effective, and sustainable clean energy solutions, particu-
larly benefiting rural areas in developing nations where access to elec-
tricity and grid infrastructure is limited [2].

There has been a growing focus on micro combined heat and power
(micro-CHP) systems to enhance the efficiency of distributed energy

linked to low voltage grids operating at the consumer level [4]. How-
ever, developing a small-scale, compact, and highly efficient micro-CHP
system for domestic heating and electricity applications remains chal-
lenging. Thermoacoustic technology offers a promising alternative to
conventional energy conversion systems and is widely used for cooling
[5,6], heating [7], and power generation [8]. These systems can operate
efficiently in the power range of tens of watts to tens of kilowatts [9],
offering several advantages, such as low vibration and better reliability
due to the lack of mechanical moving components [10]. Additionally,
they are environmentally friendly due to using a pollution-free working
gas [11] and low-grade heat sources. These advantages make
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thermoacoustic combined heat and power technology a promising
alternative for small-scale distributed energy systems.

Thermoacoustic technology has gained increasing popularity in the
fields of power generation and heat pump systems. Backhaus et al. [12]
proposed a thermoacoustic generator achieving a power output of 58 W
and a thermal-electric efficiency of 15 %. Since then, researchers have
been working to improve the performance of thermoacoustic generators.
For instance, Luo et al. [13] achieved a hundred-watt-level traveling
wave thermoacoustic generator. In 2013, Wu et al. [14] developed a
series-connection type thermoacoustic power generation system, which
reached a maximum power output of 1565 W with the highest
thermal-electric efficiency of 16.8 %. In 2015, the same team proposed a
side-branch type thermoacoustic generator [15], achieving a maximum
power output of 4.69 kW and the highest thermal-electric efficiency of
18.4 %. This system has lower requirements for consistency of working
parameters among multiple units, making it more practical than the
series-connection type. In recent years, the field of thermoacoustic heat
pumps has garnered significant attention, as evidenced by the increasing
number of experimental studies being conducted in this area. Notably,
Yang et al. [16] designed a linear-compressor-driven thermoacoustic
heat pump which achieved 260 W output thermal power and a coeffi-
cient of performance (COPy) of 2.1. Similarly, Widyaparaga et al. [17]
reported a maximum temperature difference of 23 °C for a dual-acoustic
driver thermoacoustic heat pump. In 2022, Yang et al. [6] proposed a
two-stage looped thermoacoustic system for combined cooling and
heating, achieving a maximum COPy, of 1.24. More recently, Chi et al.
[18] developed a gas-liquid coupled thermoacoustic heat pump with a
maximum COPy, of 1.5.

Although research on thermoacoustic combined heating (or cooling)
and power systems remains scarce, some recent studies have made
progress in this area. For instance, Hou et al. (2018) [19] proposed a
thermoacoustic combined cooling and power system for natural gas
liquefaction, which achieved an exergy efficiency of 58 %. In addition,
Xu et al. (2021) [9] simulated a thermoacoustic combined cooling,
heating, and power (CCHP) system for waste heat and LNG cold energy
recovery, achieving an overall exergy efficiency of 24.1 %. Similarly,
Guo et al. (2022) [20] developed a model for a multistage
thermoacoustically-driven combined cooling and power system, which
attained an exergy efficiency of 25.8 %.

Thermoacoustic heating and power generation technologies
encounter several challenges that impede their widespread adoption: 1)
They often necessitate large onset temperature differentials. Current
systems, particularly in power generation, often maintain heating tem-
peratures above 500 °C, constraining the utilization of low-grade ther-
mal energy. Attempts to match the engine’s low-temperature heat
exchanger with the temperature zone of liquefied natural gas (LNG)
have been made to increase the temperature difference [9]. However,
these efforts prove inefficient for household applications, compromising
the initially feasible matching of engine heat exchangers’ low temper-
atures with output temperatures for adequate heat supply. 2) Existing
thermoacoustic CHP or CCHP systems still exhibit low efficiency. The
main reason is the utilization of traditional long resonant tubes in their
phase-shift structures, leading to significant losses that severely impact
system efficiency. Novel and efficient thermoacoustic CHP systems are
yet to be developed. 3) Present thermoacoustic CHP systems, in terms of
energy conservation and emissions reduction, remain a qualitative
concept lacking quantitative data support. Simultaneously, there is a
lack of in-depth exploration regarding electricity generation, heat sup-
ply, and the output ratio between the two, especially in comparison with
other CHP systems. The application potential of thermoacoustic CHP
systems currently lacks scientific analysis in existing literature. There-
fore, this paper proposes the following innovative aspects to address
these issues or supplement these gaps:

e Introducing a gas-liquid resonator into the existing three-unit ther-
moacoustic CHP system for the first time. Research indicates that this
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method can achieve lower onset temperatures, facilitating the re-
covery of low-grade thermal energy.
Conducting a comprehensive analysis of the proposed new system,
including the distribution of internal characteristic parameters and
loss distribution, as well as performance under different operating
conditions, providing new supplements to the feasible solutions of
thermoacoustic CHP systems.
Introducing a simple yet effective neural network model. The case
study on the application of thermoacoustic CHP systems in residen-
tial buildings is conducted for the first time, quantitatively providing
the heating temperature required for covering the annual heating
demand of typical households and the coverage of electricity
demand.

e Comparing thermoacoustic CHP systems with other micro-CHP sys-
tems for the first time in terms of electricity generation, heat supply,
and the output ratio between the two, providing important refer-
ences for the performance of thermoacoustic CHP systems among
emerging CHP systems.

2. Thermoacoustic micro-CHP system
2.1. System configuration

Fig. 1 illustrates the schematic of a domestic thermoacoustic micro-
CHP system, which comprises three identical energy-conversion sub-
units. Each subunit consists of a thermoacoustic engine, an alternator, a
thermoacoustic heat pump, and a U-type gas-liquid resonator. The
thermoacoustic engine includes an output heat exchanger (OHX,), a
regenerator (REG.), a heating heat exchanger (HHX), and a thermal
buffer tube (TBT) The alternator comprises a resonant linear motor, a
front-space, and a back-space, where the motor compresses gas in the
front-space and is completely enclosed in a bolted pressure vessel. The
thermoacoustic heat pump includes an output heat exchanger (OHX},), a
regenerator (REGp), and an ambient-temperature heat exchanger
(AHX). The U-type gas-liquid resonator, serving as the phase-shifter
unit, provides appropriate acoustic field matching for the system and
consists of two gas volumes and a liquid volume. Table 1 lists the geo-
metric dimensions of the thermoacoustic units, which are similar to the
dimensions of the experimental prototype used for model validation in
the thermoacoustic heat pump [21]. The designed parameters for the
alternator of the thermoacoustic micro-CHP system are listed in Table 2,
obtained under the premise of optimizing the highest exergy efficiency.

Fig. 2 depicts the proposed configuration of a domestic thermoa-
coustic micro-CHP system designed for low-grade thermal energy utili-
zation. The system operates through a self-excited thermoacoustic
oscillation that initiates the conversion of heat to acoustic power. This
conversion is triggered by the axial temperature gradient produced
across the regenerator, excessing a critical value. The amplified acoustic
power generated is employed to drive both the alternator and heat
pump. Subsequently, the alternator converts the acoustic power into
electrical power while the heat pump converts it into thermal energy.
The HHX of the engine is heated by a low-grade heat source: solar,
geothermal, or waste heat. The ambient-temperature heat source (e.g.
air) cools the AHX. The OHXs of both the engine and heat pump are
utilized to supply heat for the circulating water while working at desired
temperatures.

2.2. Model description and validation

The dynamic control equation of the power piston, which is the key
component connecting the thermoacoustic system to the linear alter-
nator [22], can be written as:

AP, — 1 + K%, — RV, — M,d, =0 €h)

The electric balance equation of linear alternator can be written as:
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- Input heating power, Q,
- Output electricity power, W,
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Fig. 1. Schematic of a three-stage thermoacoustic micro-CHP system.

Table 1
Dimensions of each component of the thermoacoustic micro-CHP system.

Subunit Parts Diameter Length Other dimensions
(mm) (mm)
Engine OHX, 110 35 Shell tube type, 20 % in porosity,
1 mm in tube internal diameter,
1.4 mm in tube external diameter
REG, 40 80 % in porosity, 50 pm in wire
diameter
HHX 40 Shell tube type, 20 % in porosity,
1 mm in tube internal diameter,
1.4 mm in tube external diameter
TBT 300 5 mm in wall thickness
Heat OHXjy, 110 40 Shell tube type, 20 % in porosity,
pump 1 mm in tube internal diameter,
1.4 mm in tube external diameter
REG, 40 80 % in porosity, 50 pm in wire
diameter
AHX 40 Shell tube type, 20 % in porosity,
1 mm in tube internal diameter,
1.4 mm in tube external diameter
GLR Gas 60 100 U-type tube, 3 mm in wall
Liquid 600 thickness
Gas 100
Table 2
Designed parameters for the alternator.
Parameter Definition Value
D, diameter of the alternator piston, mm 100
M, moving mass of the alternator piston, kg 18
Rn mechanical damping, kg/s 40
Rejin internal electrical resistance, Q 0.8
T transduction coefficient for the alternator, N/A 90
Kn mechanical spring stiffness, N/m 6.9 x 10*
Ve volume of the front space, L 0.53
%N volume of the back space, L 4
Zejecd = TT)’]) (2)
Thus, Eq. (1) can be expressed as:
2
Pe S iz (Rm +ioM, — i&> 3
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Eq. (3) explains the primary matching principle between the

thermoacoustic system and the linear alternator, i.e., the acoustic
impedance at the surface of the power piston (Zy;;.r) equals the imped-
ance of the linear alternator (Zi.e). It can be decomposed into two
equations with real and imaginary parts:

2 _ 72 (Re,in + Re,om)

Re[Z,is—r]A, Z +R, 4)
‘Ze[ef‘
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The Sage program [23], renowned for its proficiency in modeling
and simulating thermoacoustic devices [24-26], was selected to conduct
numerical simulations in this study. The detailed model of each
component is presented in Appendix. A. The program employs a
time-domain model that integrates the conservation equations of mass,
momentum, and energy in the pertinent gas domain, as outlined below:

OpA  OdpuA
o a0 ©
OpuA  OdupuA  dp
LA-FA=
T o Tax 0 @)
opeA  0A 0
o +pa+a(upeA+upA+q)—Qw—0 8

To comprehensively evaluate the performance of the thermoacoustic
micro-CHP system, several key efficiency metrics must be defined,
including thermal efficiency (1y), electrical efficiency (elec), overall
energy efficiency (1en), and overall exergy efficiency (#ex). These effi-
ciency metrics can be mathematically expressed as follows:

_ % _ Qol + Q02
N = o o €)]
W
e 10
Netec On (10)
Qo] + Q02 + We
_ 11
en Qh ( )
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Fig. 2. Envisioned configuration of a thermoacoustic micro-CHP system designed for the utilization of low-grade thermal energy in domestic application.
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The model validation was made with the experimental data obtained
from a three-stage thermoacoustic gas-liquid heat pump [21] featuring
identical thermoacoustic core units consisting of a thermoacoustic en-
gine, a thermoacoustic heat pump, and a gas-liquid resonator. The re-
sults indicate that the overall error between simulation and experiment
does not exceed 15 %. The main causes of the difference may stem from:
1) SAGE being a 1D heat transfer model, which means that the details of
temperature changes in the heat exchanger rely on heat transfer cor-
rections under given average conditions. Additionally, the empirical
formulas it employs may deviate from actual conditions. 2) Possible
errors in the heat load required to maintain the temperature for each
heat exchanger in the experiment due to heat leakage. 3) Inadequate
consideration of acoustic streaming typically encompassing Rayleigh
flow, jet flow, and Gedeon flow. While SAGE considers Gedeon flow,
Rayleigh flow and jet flow have not been well accounted for. 4) In the
experiments, efforts were made to reduce liquid displacement and
minimize the effect of liquid motion on the elastic membrane structure
by increasing the cross-sectional area of the gas column in the gas-liquid
resonator. However, it should be noted that SAGE tends to underesti-
mate the local frictional pressure-drop loss coefficient, resulting in an
underestimation of losses. The differences between experiments and
simulations fall within an acceptable range for engineering purposes.
Therefore, it can be said that the thermoacoustic micro-CHP system
presented in this study can be accurately estimated using the Sage
program.

(12)

3. Thermodynamic performance of the thermoacoustic micro-
CHP system

3.1. System performance

To examine the sensitivity of the performance output of the ther-
moacoustic micro-CHP system to various parameters, it is also crucial to
evaluate its performance under specific working conditions. Table 3
presents the simulation results of the proposed micro-CHP system
operating under nominal conditions suitable for domestic applications.
Specifically, the output temperature (T,) is set at 60 °C as a typical
household space heating temperature [27], and the ambient tempera-
ture (T,) is set at 7 °C following the standard industrial practice in the
heat pump field [28]. Additionally, the heating temperature (T}) is kept

Table 3
Performance of the thermoacoustic micro-CHP system for the specific working
condition in residential buildings.

Symbol Parameter Value
P, Mean pressure (MPa) 6

pr Pressure ratio at inlet of engine stage 1.09
Th Temperature of the heating heat exchanger (°C) 350
Ta Temperature of the ambient heat exchanger (°C) 7

T, Temperature of the output heat exchanger (°C) 60

f Working frequency (Hz) 28.5
Qn Input heating power in engine (kW) 4.6
Qo Output thermal power of the system (kW) 6.4
We Output electricity power of the system (kW) 0.9
Ten Overall energy efficiency of the system 1.4
Tex Overall exergy efficiency of the system 79.3 %

constant at 350 °C, indicating the utilization of low-grade temperature
heat. Under these operational parameters, the micro-CHP system yields
an output thermal power (Q,) of 6.4 kW, an output electricity power
(We) of 0.9 kW, an overall energy efficiency (#en) of 1.4, and an overall
exergy efficiency (1ex) of 79.3 %.

3.2. Axial distributions of key parameters

The distribution of internal characteristic parameters in thermoa-
coustic systems is worth attention. The Sage software, as a 1D model,
facilitates the extraction of axial distributions of important parameters
conveniently. The results are shown in Fig. 3(a—c). The axial 0-position is
defined at the inlet of the OHX,. The phase relationship between internal
pressure wave and volume flow rate (fp.y) in oscillatory flow is partic-
ularly important, as it is one of the key factors determining the efficiency
of energy conversion. It is found to increase from —37.5° to —23.8° in
REGe, and from 32.2° to 44.2° in REGy, indicating significant traveling-
wave components. Regarding the distribution of acoustic power (W),
the analysis shows an initial generation of 750 W is then amplified to
1300 W in the engine stage. After utilizing the alternator, the acoustic
power is reduced to 966 W. Further reduction is observed after
employing the heat pump, resulting in a final acoustic power of 783 W.
The various components of the system exhibit varying degrees of
acoustic power loss, with a final recycling of 752 W of acoustic power.
These results quantitatively demonstrate the amplification of acoustic
power in thermoacoustic engines and its consumption in thermoacoustic
heat pumps and alternators.
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Fig. 3. Axial distributions of key parameters of the thermoacoustic micro-CHP
system. The pink and yellow area represents the engine and heat pump
regenerator, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

3.3. Exergy loss analysis of key components

Internal exergy loss analysis is crucial for thermoacoustic systems.
Analyzing the main sources of losses helps to further understand the
level of optimization of the system. It consists of four main parts
including the flow friction loss (AEs), non-ideal heat transfer loss
(AEqy), axial heat flow loss (AEq,), the loss errors generated by the
computational model (AEg;), and the losses introduced by the alter-
nator, such as winding resistance (W) and mechanical power con-
sumption (Wy,). The mathematical expressions for these losses are given
as follows:

AF
AEp = — Ty x f / u as)
drJ dx
qw o VT,
AEg, = — Ty x fiﬂ/{T a4
q: ¢ VT,
AEy = — Ty x %LT s
1 i
Wiin :EXRAin x |1 16)
1 ~2
Wi =3 % Ry [ a7

Fig. 4 illustrates the exergy loss distribution in the main components.
The analysis indicates that a substantial amount of exergy loss (554 W)
occurs in REG, due to its large acoustic impedance. The non-ideal heat
transfer and axial heat flow loss contribute to the primary losses. REGy
also exhibits a similar trend, with an exergy loss of 105 W. In the
alternator, the winding resistance and mechanical damping contribute
power consumptions of 49 W and 58 W, respectively. The remaining
components also experience varying degrees of losses, primarily due to
heat flow loss. Identifying these sources of exergy loss can provide in-
sights into optimizing the system’s design and operation, aiming to
improve its overall performance.
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Fig. 4. Exergy loss analysis of each component of the thermoacoustic micro-
CHP system.

3.4. Influence of heating temperatures and ambient temperatures

In addition to assessing the feasibility of the proposed thermoa-
coustic micro-CHP system for residential heating and electricity appli-
cations, it is crucial to evaluate its thermodynamic performance across
diverse ambient and heating temperatures. The heating temperature of
the HHX is dependent on the quality of the heat source used. In this
study, the performance of the micro-CHP system was evaluated while
varying ambient temperatures ranging from 0 °C to 25 °C and heating
temperatures ranging from 300 °C to 400 °C at 60 °C output temperature
and 6 MPa mean pressure. Figs. 5 and 6 depict the micro-CHP system
performance fluctuations. As shown in Fig. 5, the output heating and
electricity power significantly increases with increasing ambient and
heating temperatures. However, the overall energy efficiency increases
to a certain level before stabilizing. In addition, the overall exergy ef-
ficiency shows an optimal value within the calculated range. The
optimal operating condition for exergy efficiency is at an ambient
temperature of 0 °C and a heating temperature of 350 °C. The micro-
CHP system can achieve an output thermal power of 3.74 kW, an
output electrical power of 0.59 kW, a total energy efficiency of 1.35, and
a gross exergy efficiency of 81.1 %.

Moreover, it was observed that the output of heating and electricity
are susceptible to the heating temperature, indicating that a slight in-
crease in the heat source’s grade is sufficient to achieve high power
output for heating and electricity generation. As shown in Fig. 6, the
ratio of output electrical power to output thermal power (We/Q,) shows
a discernible dependence on the ambient and heating temperatures,
where the higher temperatures lead to a greater ratio. Thus, We/Q, can
be adjusted by controlling those temperatures. Remarkably, when both
the ambient and heating temperatures are relatively low, W,/Q, is also
comparably small. When the temperature difference across the REGe is
relatively small and across the REGy, relatively large, limited acoustic
power is converted. Then, a restricted amount of electrical power (W,) is
generated by the acoustic power conversion. In contrast, the output
thermal power, especially at the HHX, (Qo1), is less affected, resulting in
a comparably lower We/Qo.

3.5. Influence of alternator external resistance and ambient temperatures

In practical applications, it is crucial to control and adjust the
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Fig. 5. Effect of the heating temperatures and ambient temperatures on system performance: (a) overall output thermal power (Q,), (b) output electricity power
(W), (c) overall energy efficiency (77en), (d) overall exergy efficiency (17ex) of the system.
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Fig. 6. Effect of the heating temperatures (T,) and ambient temperatures (T,)
on the ratio of output electricity power to output thermal power (W./Q,).

performance of the thermoacoustic micro-CHP system to match specific
operating temperatures. A potential approach is adjusting the external
resistance of the alternator. Fig. 7 illustrates the system performance
variations under different alternator external resistances and ambient
temperatures. In the simulation, when changing the resistance, the
structural parameters of the system remain unchanged, while opera-
tional parameters such as frequency and piston displacement are set as
optimization variables to ensure that the fundamental constraints of
piston motion (Eq. (3)) are met. The results show that an increase in the

external resistance leads to a significant increase in output thermal
power while the output electricity power initially increases and then
decreases. Furthermore, the overall energy efficiency shows an upward
trend before stabilizing, whereas the overall exergy efficiency decreases
significantly with increased external resistance. Specifically, at an
ambient temperature of 7 °C, the external resistance increases from 10 Q
to 50 Q, the output thermal power elevates from 0.98 kW to 45.4 kW,
and the output electricity power ascends from 0.17 kW to 2.64 kW, the
overall energy efficiency increases from 1.27 to 1.49. In contrast, the
overall exergy efficiency decreases from 73.5 % to 62.6 %. The decrease
in overall exergy efficiency results from the higher-order energy of
electricity power, which occupies a crucial position in the expression of
exergy efficiency, as stated in Eq. (12). Fig. 8 demonstrates that We/Q,
can be adjusted by changing the alternator external resistance. However,
We/Q, remains low over a significant range of both ambient tempera-
tures and external resistance variations.

It is important to note that the system originally underwent global
optimization, with the optimized variables including mechanical spring
stiffness, resistance, and the volumes of the front and back space.
Changing the resistance without optimizing the other parameters will
cause a mismatch in the system, resulting in a decline in the electrical
efficiency and significantly impacting the overall exergy efficiency.
These findings not only emphasize the importance of regulating system
performance but also underscore the need for a holistic approach to
system design and optimization for optimal energy and exergy
efficiencies.

4. Case study in residential buildings

Thermoacoustic systems have been widely acknowledged in the
literature as having potential applications in domestic settings [11,29,
30]. Despite this, there is a lack of quantitative assessments of ther-
moacoustic micro-CHP systems in terms of their ability to provide
simultaneous heating and electricity supply for households. To address
this gap, this section aims to conduct a case study on two typical
households in Spain and Finland to evaluate the economic and
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5

environmental feasibility of the proposed thermoacoustic micro-CHP
system. Fig. 9 illustrates the methodology employed for this study.
Initially, the performance of the thermoacoustic micro-CHP system is
analyzed under varying operational conditions (as described in Section
3.1), such as the derivation of a matrix of input variables (heating and
ambient temperatures) and output performance parameters (output

heating and electricity power, energy, and exergy efficiencies). Subse-
quently, a neural network model (detailed in Appendix. B) can be
employed to derive hourly heating temperature, output electricity
power, energy, and exergy efficiencies by utilizing the annual hourly
heat demand as the output thermal power and the air temperatures as
the ambient temperatures. Finally, the analysis of electricity power
coverage and the economic-environmental assessment can be
performed.

The economic and environmental viability of the proposed ther-
moacoustic micro-CHP system can be evaluated using various in-
dicators. In this regard, Table 4 presents the economic and
environmental parameters employed in the calculations. The fuel energy
saving (FES) is calculated as follows:

QO
Mhoi

The total potential CO, emission reduction (ER) includes the CO,
emission reduction by natural gas (ERyg) and electricity (ERe):

FES= (18)

X T,

ERIOI :ERng + EReI (19)

ER,y=—" X fou X T, (20)
boi

ER, =E.,, Xfel X T, (21)

The total cost saving (TCS) includes the energy cost (Cs) and envi-
ronmental penalty cost (EPCS):

TCS =EPCS + C, (22)

EPCS=ER,, X cco, (23)
c— Q,

= X Cog + Eeop X Cot | X T, (24)
boi



Y. Hu et al.

Energy 298 (2024) 131324

‘ Database ‘

l |

Annual hourly

Analyze the system performance in
different heating and ambient
temperatures

Annual hourly

climate condition .
domestic heat

(e.g. hourly air
temperature)

demand

Matrix of system input variables and
output performance parameters
(Neural network model)

Annual hourly domestic

electricity demand

Output electricity power

Annual hourly heating temperatures,
output clectricity and thermal power, and
efficiencies

Output thermal power

Y

Hourly electricity demand

A

Meet annual domestic

coverage

Quantitative economic and
environmental potentials of the system

heat demand

Fig. 9. Procedure for the case study of the thermoacoustic micro-CHP system. (The heat demand is satisfied with output thermal power by adjusting the heating

temperature.)

Table 4
Economic and environmental parameters.

Parameter Value

Efficiency of gas boiler, #poi

Natural gas price, ¢yg

Electricity price, cq

CO, emission factor for natural gas, fug
CO,, emission factor for electricity, fo
Cost of unit CO, emission, ccon

82 % [31]

0.0563 €/kWh [31]
0.205 €/kWh [31]
0.206 kgCO,/kWh [32]
0.350 kgCO2/kWh [33]
0.12 €/kgCO, [34]

4.1. Climate condition, heat demand and electricity demand from the
database

Fig. 10 displays the yearly average air temperature data, heat de-
mand, and electricity demand conditions of typical households in Spain
and Finland. The air temperature data is obtained from JRC Photovoltaic
Geographical Information System (PVGIS) [35]. The hourly heat

N
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—— Spain —— Finland
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—— Spain —— Finland
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—_
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~
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Month of the year

Fig. 10. (a) Hourly average air-temperature (T4;), (b) hourly heat demand (Q,
dem) and (c) hourly electricity demand (Ep gem), in Spain and Finland over
a year.

demand (Qp, dem) is calculated as Qn,dem = Qy,dem X Mn X Ad, Where Qy, dem
represents the annual total heat load demand and is assumed as 49
kWh/m? for Spain and 169 kWh/m? for Finland [36]. The hourly heat
load norm (ny) is determined according to the HOTMAPS PROJECT
[36], and Aq indicates the average floor area of occupied dwellings and
is taken as 89.4 m? for Spain and 98.4 m? for Finland based on the EU
Buildings Database [37]. The hourly electricity demand (Ep dem) is
calculated as Epdem = Eydem X Me, Where Eydem is the annual total
electricity load consumption per dwelling and is taken as 3918 kWh for
Spain and 7664 kWh for Finland [38], and n, is the hourly electricity
load norm according to the HOTMAPS PROJECT [36].

4.2. Dynamic operation of thermoacoustic micro-CHP system

Fig. 11 displays the hourly required heating temperatures, overall
energy efficiency, and overall exergy efficiency of the thermoacoustic
micro-CHP system over a year, where the system’s heating temperature

—— Spain Finland

Finland

ain Finland

L] L] L] T L] L] T T T Ll
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month of the year

Fig. 11. (a) Hourly required heating temperature (T;,) of the thermoacoustic
micro-CHP system that aims to meet hourly household heat demand, (b) hourly
overall energy efficiency (#7en) of the system, and (c) hourly overall exergy ef-
ficiency (1ex) of the system, for Spain and Finland over a year.
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is adjusted to meet the hourly household heat demand precisely. The
results demonstrate that Finland’s higher annual heating demand re-
quires a higher heating temperature than Spain, maintaining a heating
temperature below 350 °C throughout the year. Moreover, the system
exhibits a promising heating performance, with an overall annual en-
ergy efficiency exceeding 1.1 and an annual exergy efficiency exceeding
50 %.

Fig. 12 portrays the hourly electricity demand coverage for typical
households in Spain and Finland throughout the year, during which the
thermoacoustic micro-CHP system operates at requisite heating tem-
peratures. The results indicate that the system is capable of providing
annual electricity coverage of 15.9 % and 33.6 % for each household in
Spain and Finland, respectively. Furthermore, during colder months
with higher heating demands (i.e., January to March and November to
December), the system can alleviate grid pressure by 29.8 % and 54.3 %
for typical households in Spain and Finland, respectively. These findings
underscore the system’s potential as a promising solution for addressing
electricity coverage and grid pressure concerns in both nations.

This section investigates the potential environmental and economic
benefits of utilizing low-grade thermal energy to power the thermoa-
coustic micro-CHP system exclusively. Monthly total cost savings (TCS)
and CO, emission reduction (ERy,) are estimated assuming precise
hourly heat demand coverage; the results are illustrated in Fig. 13 and
presented in Table 5. The findings demonstrate that a single system has
the capability to conserve 5.6 MWh and 20.1 MWh of fuel energy,
resulting in a total cost saving of 611 € and 2324 € and a reduction of
1374 kgCO, and 5180 kgCO4 emissions per annum in Spain and Finland,
respectively. These results highlight the potential of thermoacoustic
micro-CHP systems as a promising economically and environmentally
friendly solution for domestic heating and electricity.

5. Comparative analysis of thermoacoustic micro-CHP system
against existing technologies

In this section, a thorough evaluation of the suggested thermoa-
coustic micro-CHP system for domestic heating and electricity genera-
tion is presented by comparing it with other established micro-CHP
technologies currently under development. These technologies include
fuel cell CHP [39-43], internal-combustion engine (ICE) CHP [44-50],
micro-turbine (MT) CHP [51,52], and Stirling-type CHP [53-55]. The
comparison is presented regarding the system’s performance relative to
these technologies and the proposed system to determine its potential
feasibility for household energy applications. The simulation for the
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Fig. 12. Hourly electricity demand coverage of the thermoacoustic micro-CHP
system in (a) Spain and (b) Finland over one year, with heating temperature
adjustment to meet household heating demands.
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thermoacoustic micro-CHP system uses an output temperature of 60 °C
with a heating temperature ranging from 300 °C to 400 °C.

Fig. 14 compares the output thermal power (Q,) and electricity
power (W,) for the various CHP technologies. At the same time, all of
them are micro-sized, thermoacoustic, Stirling-type and fuel cell systems
which may be more suitable for small-scale household applications; ICE
and MT systems are better suited for large-scale applications. The
straight lines depicted in the figure denote the linear regression of the
power scatter plot for CHP systems of the same type passing through the
origin, which characterizes the proportional relationship between heat
output and electricity generation for various CHP technologies. Notably,
the slope of the lines for thermoacoustic and Stirling-type CHP systems is
steeper, indicating a greater tendency towards heat output, whereas fuel
cell-type CHP systems exhibit a greater propensity for electricity
generation.

Furthermore, Fig. 15 presents a comparison of the overall energy
efficiency, which encompasses both thermal and electrical efficiency,
across various micro-CHP technologies. Based on the comparison of
overall energy efficiency across different micro-CHP technologies, the
thermoacoustic system shows a high potential for efficiency, particularly
in terms of thermal efficiency. However, it is worth noting that such
comparisons may not be entirely equitable. On the one hand, the effi-
ciency data for thermoacoustic micro-CHP is derived from the theoret-
ical value of the thermoacoustic system itself, whereas data for other
types of CHP are primarily based on experimental values or engineering
values that include additional ancillary systems such as cooling water
systems. On the other hand, the temperature lift (T,-T,) at the heat pump
terminal exhibits inconsistency across diverse systems, which also af-
fects thermal and electrical efficiency. Nonetheless, this comparison still
highlights the higher efficiency potential of the thermoacoustic micro-
CHP system.

6. Conclusions

The current study presents a novel thermoacoustic micro-CHP sys-
tem that effectively harnesses low-grade heat for household heating and
electricity generation. The system proposed, utilizing gas-liquid reso-
nators instead of traditional gas resonators for phase modulation, ex-
hibits stronger phase modulation capability and lower losses.
Consequently, it achieves higher system efficiency. Additionally, its
structure is more compact, offering an environmentally friendly option
for current distributed CHP systems. The main research findings indicate
several interesting conclusions listed below.

(1) The micro-CHP system exhibits exceptional efficiency in the
heating temperature range of 300 °C-400 °C and an ambient
temperature range of 0 °C-25 °C. The system can generate 0.2
kW < output thermal power <32.1 kW, 0 kW < electrical power
<5.4 kW, 0.96 < overall energy efficiency <1.45, and 42.4 % <
overall exergy efficiency <81.1 %.
The output heating and electrical power are positively influenced
by the ambient and heating temperatures, while the sensitivity to
changes in heating temperature suggests that a minor increase in
its grade is sufficient to achieve a high power output for gener-
ating heat and electricity. Modifying the external resistance of an
alternator can be a viable method to regulate the ratio of elec-
trical output to thermal power, particularly under specific tem-
perature conditions.

(3) Thermoacoustic micro-CHP system presents a solution to miti-
gate excessive reliance on electricity, particularly in areas with
high annual heating demand. Based on financial and environ-
mental perspectives, the case study results in residential buildings
demonstrate that a single system can annually reduce carbon
dioxide emissions by 1374 kg and 5180 kg in Spain and Finland,
respectively. The proposed system can generate significant sav-
ings of 611 €/year and 2324 €/year in Spain and Finland,

2
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Fig. 13. (a) Monthly CO, emission reduction (ER) in Spain, (b) Monthly total cost saving (TCS) in Spain, (c) Monthly CO5 emission reduction (ER) in Finland, (d)

Monthly total cost saving (TCS) in Finland over a year.

Table 5
Annual economic and environmental potential of the thermoacoustic micro-CHP
system.

Parameter Value
Spain Finland
Annual fuel energy saving, FES 5.6 MWh/year 20.7 MWh/year

Annual total cost saving, TCS

Annual environmental penalty cost saving,
EPCS

Annual energy cost saving, C

611.1 €/year
164.9 €/year

2324.0 €/year
621.6 €/year

446.2 €/year 1702.4 €/year

Annual CO, emission reduction, ER 1374 kgCO2/ 5180 kgCO»/
year year
Annual CO, emission reduction by natural 1148 kgCOy/ 4262 kgCO,/
gas, ERpg year year
Annual CO, emission reduction by electricity, = 226 kgCO,/ 918 kgCO2/
ERq year year

respectively. These findings highlight the potential of thermoa-
coustic technology as a sustainable alternative.

(4) Thermoacoustic micro-CHP systems appear to be better suited for
small-scale household applications compared to other micro-CHP
technologies, mainly due to their relatively lower output levels of
both heat and electricity. Furthermore, these systems exhibit a
more pronounced ability to generate heat than electricity.

These findings underscore the contributions of this study to the
development of thermoacoustic CHP systems. However, it is important
to acknowledge that the system proposed is more suitable for small-scale
distributed CHP energy systems. Expanding its power level would
involve challenges such as increasing the area of the regenerator, lead-
ing to complexities in internal flow and other issues. Therefore, applying
it to large-scale centralized CHP systems still presents challenges at
present.
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Fig. 14. Comparison of output thermal power (Q,) and electricity power (W)
between thermoacoustic micro-CHP system and fuel cell CHP [39,40],
internal-combustion engine (ICE) CHP [44-50], micro turbine (MT) CHP [51,
52], and Stirling-type CHP [53-55].
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Appendix. A

The terms F, Qy, and q in Egs. (7) and (8) cannot be resolved directly in a 1D Sage model. The empirical formula is shown below:

F= —(fo /dy+Kun /Dpulu] /2 (4D
q=— Nkkg(;—:A (A2)
Ow=Nu(ky / dn)Sx(Ty — T) (A3)

Empirical terms fp, Nu and Ny for typical components in the Sage program are presented in the Table below.

Component fo Nu Nk
16. i : inar:
Heat exchanger Laminar steady: fp — Sr Laminar steady: Laminar:
Re Nu =6 Ne =1
4if Vo, <32 2 Turbulent: Turbulent:
Sr= fysion Vo = pody” /4 : .
{ VVe/2ifV, >32 ¢ pordy” /4y 1 ~0.055 Ni = 0.022Re®75 Pr
. 6307 Nu = 0.036Re?8 (d—> pro3
Turbulent: =011(5-+— h
urbulent: fp =0 (dh+Re>
Regenerator fo = g+ 2.01Re-0103 Nu = (1 + 0.99Re%%6)p!79 Ni = 1+ 0.5Re%665=291
Re '

The gas-liquid resonator consists of two gas column and a liquid column. The characteristic of liquid column contains a series connection of viscous
resistance, inductance and compliance [56]. It is simulated as a solid piston in series with a damper with the mechanical damping coefficient Ry, and
spring constant K [57].

:/’gﬂDlz

K
2

(A4)

R, =R, + Ry = nDili\/pyuf + 0.847°p fX,r*E (A5)
Appendix. B
The Neutral Network (NN) model is established on MATLAB platform. As shown in Fig. 5, the dataset used for training the NN model was obtained

by simulating the system’s performance (including Qo, We, #jen, and 7ex) at different T, and Tj,. Following the procedure outlined in Fig. 9, the Q, is
equated to the practical heating demand to ensure complete coverage of the heat load. The Q, and T, matrices are used as input variables, while the

11
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other four parameters are used as output variables. The training method employed is the Levenberg-Marquardt algorithm. In the dataset, 70 % serves
as training data, 15 % as validation data, and the remaining 15 % as test data. The layer size is 10. The training results are shown in Fig. B1. Therefore,
for any given input of T, and Q,, corresponding values of Ty, 0 We, 7en, and 7ex can be obtained. Moreover, since the input variables fall within the
range of the pre-calculated dataset, the predictions are relatively accurate.
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Fig. B1. The training regression results of the NN model.
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