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Abstract

The solar-assisted air source heat pump (SAHP) is a key technology of low carbon heating.
However, the SAHP is still inefficient and unstable at low temperatures. Cascaded latent
heat storage (CLHS) can store multi-stage thermal energy, which provides the possibility
for the multiple utilization of solar energy. Hence, this paper proposed the SAHP integrated
with CLHS for building heating. The high-temperature and medium-temperature latent
heat storage (LHS) units are used for direct heating, and the low-temperature LHS unit
preheats the air for the air source heat pump (ASHP). The thermal performance of the
CLHS device is evaluated through combined numerical simulations and experimental tests.
Results show that the average heat storage rate of the cascaded system is 61.1% higher
than that of a conventional single-stage LHS unit. The heat storage uniformity of CLHS
gradually improves with increasing inlet flow rate, but shows a trend of first increasing and
then decreasing with the increase in fluid inlet temperature. Among the three tested levels,
80 °C was found to be the most uniform heat storage of the CLHS device. The performance
of the system was further analyzed using TRNSYS to assess seasonal building heating
performance. The overall efficiencies of the high/middle/low temperature LHS units are
93.6%, 81.6% and 94.3%, respectively. And the solar heat supply accounts for 70.8% of the
total heat supply of the system. Compared with the non-preheating system where the low-
temperature LHS unit is removed, the COP of the graded heating system is increased by
18.3%, and the energy consumption is reduced by 16.6%. Further parametric optimization
based on the Hooke-Jeeves method reduces total system energy consumption by 20.7%
and associated pollutant emissions by 20.6% compared with the pre-optimization system.
The findings provide practical insights into the application of CLHS in solar-assisted heat
pump systems for building heating.

Keywords: cascaded latent heat storage; multistage thermal energy utilization; solar energy
heating; solar-assisted air source heat pump; TRNSYS simulation

1. Introduction

Energy crisis and environmental pollution are the key issues that limit the develop-
ment of human society [1,2]. Building heating has emerged as a significant area due to
its high energy consumption and substantial carbon emissions [3-5]. To mitigate these
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environmental impacts, clean heating technologies such as solar heating and ASHP have
been widely promoted as promising alternatives. However, despite their carbon-reduction
benefits, in actual operation, the performance of these technologies is strongly affected by
weather conditions and load fluctuations [6,7], leading to operational instability during the
heating season.

Hence, researchers coupled solar collector and SAHP for efficient heating. Liu et al. [8]
confirmed that the SAHP increased the evaporation temperature by 3.7 °C compared to
a conventional air source heat pump, keeping the evaporator in a frost-free state. Corre-
spondingly, the SAHP achieved an 18.7% improvement in COP. Wan et al. [9] investigated
the SAHP under three coupling modes: preheating, series, and parallel. SAHP can save
120.81 kW h and reduce carbon emissions by 2182.36 kg. Nevertheless, solar collector
cannot work at night. In this case, the performance of SAHP is not ideal. Thermal energy
storage is necessary. From a building engineering perspective, integrating thermal energy
storage into SAHP systems is essential to ensure stable heating performance and reliable
indoor thermal comfort. By storing excess solar energy and releasing it when needed, the
stability and energy efficiency of SAHP can be further improved [10,11].

Thermal energy storage (TES) technologies commonly used in building heating sys-
tems can be classified into three types [12-15]: sensible heat storage, latent heat storage,
and chemical heat storage. Among these, LHS based on phase change materials has a
high energy density [16] and an approximately isothermal heat storage and release pro-
cess [17,18], which plays a crucial role in improving the performance of ASHP. Qu et al. [19]
tested that the COP of the phase change material (PCM)-SAHP system was 65% higher
than that of the SAHP at a temperature below 10 °C, and the operation was more stable.
Gao et al. [20] proposed a new type of SAHP with LHS unit integrated into the condenser.
The average performance coefficient of the new system is 5.42, which is 143.0% higher
than that of the original SAHP. Moreover, the LHS unit completed heat storage in 1.8 h,
which was shortened to 32.7% of the original. Wu et al. [21] proposed a PCM-filled solar
collector and combined it with the evaporator of the SAHP. Compared with ASHP, the
performance of the other three modes has been improved differently. The average COP
and exergy efficiency of new system increased by 70% and 67%, respectively. These studies
indicate that latent heat storage can effectively enhance the operational stability and energy
efficiency of SAHP systems in building heating applications.

Furthermore, some researchers have optimized the SAHP integrated PCM by simu-
lation. Kanimozhi et al. [22] developed a thermal energy storage system operating with
phase change materials (PCMs) for solar water heating applications, utilizing design of ex-
periments modeling to optimize the system’s design and performance. Shailendra et al. [23]
established a model to calculate various parameters such as the effectiveness of PCMs,
hot water quality, total heat content, and charging duration, evaluating the effectiveness
of PCMs in the storage tank of a solar water heating system. Li et al. [24] analyzed the
effects of solar collector area, SAHP heating capacity and PCM tank capacity on total
electricity use, operating cost, thermal uncomfortable ratio, and CO, emission. The optimal
parameters are solved by genetic algorithm to achieve 2.7-14.9% power saving. Kong
et al. [25] used annual life cycle cost and thermal comfort as indicators. The lowest cost
of the optimized operation cost is 18.3 CNY/m?, which can save up to 46% compared
with the traditional heating system. Such optimization studies highlight the importance of
system-level parameter design when balancing energy consumption, operating cost, and
thermal comfort in building heating systems.

Notably, most of the LHS devices used for SAHP are single-stage, which constrains its
operational flexibility. For instance, when an LHS device with a phase change temperature
of 50 °C is applied, using it for air preheating may result in inefficient utilization of stored
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thermal energy. If the LHS device with a phase change temperature of 30 °C is used, it
cannot assist heating. Moreover, since the temperature difference between the fluid and the
phase change material gradually decreases [26], the melting of PCM in a single-stage LHS
device is non-uniform.

The CLHS refers to the arrangement of multiple PCMs with different melting points
along the fluid flow direction [27,28]. The CLHS maintains a nearly constant temperature
difference between the heat transfer fluid and PCMs during the melting and solidification
cycles, thereby enhancing the thermal performance of the LHS device [29]. Compared with
the single stage LHS, the CLHS device has a higher heat storage rate and efficiency [30,31].
And Bagherzadeh et al. [32] have proved through experiments that in the solar heating
system, the CLHS stores more heat and exergy than the single latent heat storage (SLHS).
More importantly, the CLHS can provide multi-level thermal energy, which allows the
SAHP to have more operation modes to adapt to different scenarios.

Despite the theoretical advantages of CLHS in providing multi-level thermal energy,
its systematic integration with SAHP systems remains underexplored. A critical research
gap exists regarding the synergistic control of cascaded thermal resources specifically,
allocating medium- and high-grade latent heat for direct space heating while utilizing
low-grade heat to preheat the SAHP evaporator to prevent frosting. To address this gap,
in this study, a SAHP system integrated with CLHS is investigated for building heating
applications. Experimental tests and numerical simulations are conducted to evaluate
the thermal performance and heat storage uniformity of the CLHS device compared to
SLHS. Furthermore, a graded heating system combining the SAHP and CLHS is analyzed
using TRNSYS to assess its seasonal energy performance and to identify suitable operating
parameters for building heating systems.

2. Methods

2.1. Simulation of CLHS
2.1.1. Model Description

The inner vessel of the actual physical device has dimensions of 250 mm in length,
width, and height. The 2D model is built based on the longitudinal section of the actual
device along the fluid flow direction, maintaining the exact full-scale geometric dimensions
without any dimensional reduction or enlargement, as shown in Figure 1. A 2D model
was adopted because the system exhibits geometric symmetry, and the primary heat
transfer occurs within the cross-sectional plane. This simplification effectively reduces
computational time while providing acceptable accuracy for system-level analysis. The 2D
computational domain measures 250 mm by 250 mm, with a built-in heat tube diameter
of 16 mm and thickness of 1 mm; horizontal and longitudinal heat exchanger tubes are
spaced 32 mm apart. For the CLHS, the phase change temperatures of the three-stage LHS
units were set at 25 °C, 42 °C, and 60 °C. For the SLHS, the phase change temperatures of
three-stage LHS units were 42 °C. The PCMs used in the experiments (product codes: SW25,
SW42, and SW60) are commercial-grade paraffin waxes (primarily a mixture of straight-
chain saturated hydrocarbons) supplied by Shanghai Joule Wax Co., Ltd., Shanghai, China,
with a purity of 99%. The phase transition temperatures, latent heat, and specific heat
capacities were measured using a Differential Scanning Calorimeter (DSC). The thermal
conductivity and density were measured by a Hot Disk thermal constants analyzer and an
electronic densitometer, respectively. The specific parameters of the actual PCMs are listed
in Table 1.
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Figure 1. Diagram of CLHS device.
Table 1. Phase change material properties.
Melting Process Freezing Process Therm.al. Density
PCM Conductivity
T (°C) AHy (J/g) ¢ (J/(g-°O) T (°C) AHpy, (J/g) c (J/(g-°Q) A (W/(m-K)) p (g/em?)
PCM25 22.45 195.26 1.45 24.85 196.83 2.01 0.4242 0.9531
PCM42 41.63 218.42 1.48 42.95 210.58 2.51 0.3098 0.9301
PCM60 60.68 206.47 1.48 61.29 211.54 2.46 0.2985 0.9226

2.1.2. Mathematical Model

The enthalpy method is used to solve the phase change heat transfer problem. The
following simplified assumptions are adopted, which are common in previous studies:

(1) The heat loss of LHS unit is ignored;

(2) The heat transfer fluid is the incompressible Newtonian fluid.

(3) The PCM is isotropic, and the physical parameters are constant.

(4) The outer wall of the LHS device is set as an adiabatic boundary. The contact between
the outer wall of the tube and the PCM is defined as ideal thermal contact, neglecting
the contact thermal resistance.

(5) A fully developed outflow boundary condition is adopted at the fluid domain outlet,
where the flow velocity exhibits no gradient variation along the flow direction at the
outlet cross-section.

In addition, the heat transfer solution methods for each region are as follows: For
the PCM, the Laplacian term in the energy governing equation fully accounts for two-
dimensional heat conduction in both the axial and radial directions. For the fluid, in
addition to the convective heat transfer term, both the axial and radial heat conduction
of the heat transfer fluid are simultaneously accounted for in the momentum and energy
equations. For the tube wall, two-dimensional steady-state heat conduction in the axial
and radial directions is solved simultaneously.

When the internal heat source and convection during the phase change process are
not considered, the equation for the entire region is:

- = 2
Y k=T 1
ps, ks h<h
(0,k) = psikq hs <h < hy 2
p1 ki h < hy
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When the specific heat capacities of the solid and liquid phases are constants, the
equations for temperature and enthalpy is:

(o) h < ht
(T = Tpert) = 0 . hs <h < h? 3)
(h—hs) h< I

The finite volume method (FVM) is used for numerical simulation of phase change
heat transfer, with the simulation calculations performed using FLUENT 2022R1 software.
The energy conservation equation can be expressed as:

oT
Pz = VkvT)+Q 4
After discretization, the discrete equation for the control volume is obtained:

Tn+1 _T"
pCPTV: Efacesva-A—i—QV (5)

where V is the control volume and A is the surface area vector of the control volume.
Additionally, the specific configurations of the model in this study are as follows:

(1) The two-dimensional computational domain employs a semi-structured quadrilateral
mesh with local refinement near the near-wall region of the heat exchange tube.
Through grid independence verification using three mesh sets of 2 mm, 1.0 mm,
and 0.5 mm, a 1.0 mm mesh with a total of 127,642 elements and 139,848 nodes was
ultimately selected to balance computational accuracy and efficiency.

(2) Transient calculations adopt a fixed global time step of 10 s, with a maximum of
20 iterations per time step.

(3) Numerical solutions are obtained using a pressure-based first-order implicit transient
solver, with the pressure-velocity coupling handled by the SIMPLE algorithm.

(4) The simulation employs equation residuals as the primary convergence criterion, with
convergence residual thresholds set to 1 x 1073 for the continuity, momentum, and
turbulence equations, and a stringent threshold of 1 x 107° for the energy equation.

(5) The phase change process is solved using the built-in solidification/melting model in
the software, with the mushy zone constant set to 1 x 10* to match the near-isothermal
phase change characteristics of the paraffin-based PCM.

(6) A mesh independence study was conducted using three grid systems with maximum
sizes of 1.5 mm, 1.0 mm, and 0.5 mm. The relative deviation in melting time between
the 1.0 mm and 0.5 mm grids was less than 1.5%. Thus, the 1.0 mm grid was adopted
for all simulations to balance accuracy and computation time.

2.2. Experiments of CLHS
2.2.1. Design of CLHS

Figure 2a—d illustrate the configuration and physical prototype of the proposed three-
stage latent heat storage unit. A custom copper heat exchanger with a serpentine branch-
tube geometry is utilized. The parallel branch tubes, having an outer diameter of 16 mm
and a wall thickness of 1 mm, are linked to header manifolds at both upper ends. Both
the inflow and outflow manifolds measure 25 mm in outer diameter with a 1.3 mm wall
thickness. A uniform grid spacing of 32 mm is maintained longitudinally and transversely.
To prevent hydraulic imbalance, an equivalent-path flow arrangement is applied. The
heat transfer fluid enters the lower header via a vertical standpipe and flows upwards
through the serpentine network, maximizing thermal charging and discharging efficien-
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cies. The phase change material is encapsulated within a cubic inner tank measuring
250 mm x 250 mm x 250 mm. All exterior boundaries are wrapped with robust rubber
insulation to minimize thermal dissipation to the ambient environment.

(a) Overall schematic diagram
/Oullel

Outlet

) ectl Dine
Distribution Pipe T (/""‘C""" Pipe

PCM

Heat
exchanger

—

—

(b) Heat exchange tube side view (c) Front view (d) Actual appearance
Figure 2. Diagram of CLHS device.

2.2.2. Experiment Setup

The experimental system primarily consists of the CLHS, the data acquisition and
the accessories, shown in Figure 3a. The thermal storage system consists of three thermal
storage boxes and a temperature-controlled water bath. The phase change temperatures
of the three thermal storage devices are 25 °C, 42 °C and 60 °C respectively. The data
acquisition system consists of K-type thermocouples, flow meters, Agilent data acquisition
instruments, etc. These accessories include pipelines, valves, insulation, and other compo-
nents. All pipelines in the system are insulated to prevent systems from being affected by
the external ambient temperature. The CLHS test uses a program-controlled thermostatic
bath (operating range: 0 °C to 100 °C) to provide energy for the phase change thermal
storage box. Before each test, the phase change material is cooled to 15 °C. The water is
heated to the set temperature in the thermostatic water bath, and is then pumped to the heat
exchange copper tube of the three-stage LHS device to exchange heat. After exchanging
heat, it returns to the thermostatic water bath to achieve heat storage of the phase change
thermal storage device. The experiments test the effects of flow rate and temperature of
water on the thermal storage effects of the thermal storage device. The specific experimental
operating conditions for the CLHS performance evaluation, including the variations in
water flow rates and inlet temperatures, are systematically summarized in Table 2.
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(a) Diagram of the experimental system (b) Internal measuring points layout of the LHS unit

Figure 3. Diagram of the experimental system and internal measuring points layout of the LHS unit.

Table 2. Summary of experimental operating conditions.

Experimental Group

Initial Temperature (°C) Inlet Fluid Temperature (°C) Water Flow Rate (L/h)

15 75 18

Effect of flow rate 15 75 36
15 75 54

. 15 75 54

]iffect of inlet 15 80 54
emperature 15 35 54

As depicted in Figure 3, nine K-type thermocouples (TC 1~TC 9, arranged in a
3 x 3 grid) were installed on the vertical longitudinal mid-plane of each LHS unit. The
average temperature of the unit is defined as the arithmetic mean of these nine readings.
The accuracies of the flow meters and K-type thermocouples are £1.0% and £0.5 °C, re-
spectively. To minimize errors, the specific inlet/outlet thermocouples were pre-calibrated
in a thermostatic bath, reducing the differential temperature measurement uncertainty to
£0.1 °C. Based on the actual tests in Section 3.2, even at high flow rates with small AT, the
maximum relative uncertainty for the heat storage capacity is determined to be <10.0%
using the standard error propagation method. The experimental test data includes: the
inlet and outlet water temperature and flow rate of the heat storage tank, as well as the
PCM average temperature in the LHS unit. All data are collected by Agilent data loggers
with a collection time interval of 5 s. The heat storage capacity of the heat storage tank is
calculated from these data, and the calculation formula is as follows:

Qus = ¥ 1w X ¢ % (Ty1 — Tu) /3600 x AAt/1000 6)

where Qps is the heat storage capacity of the heat storage device, MJ; m,y is the flow rate of
circulating water, kg/h; ¢, is the specific heat capacity of circulating water, 4.2 kJ / (kg-K);
T is the inlet water temperature of the heat storage device, °C; Ty, is the outlet water
temperature of the heat storage device, °C; and At is the recording time interval, h.

The variance analysis method [33] is used to analyze the differences between multiple
groups of data. The larger the difference index, the greater the difference between different
groups of data. The calculation formula is as follows:

_ SSR/(m—1)
F= SSE/(n —m) @
SSR=Y" nx (i — ) ®)

https:/ /doi.org/10.3390/buildings16081541


https://doi.org/10.3390/buildings16081541

Buildings 2026, 16, 1541

8 of 25

SSE=Y,, Y (v —7)° ©)
where m is the number of LHS units, # is the number of collected data. n; is the number
of data collected for each latent heat storage module, ¥; is the average temperature of
each latent heat storage unit, °C, ¥ is the average temperature data of the three latent heat
storages, °C. y;; is the data collected for each latent heat storage module.

To validate the numerical model described in Section 2.1, the experimental outlet water
temperature is compared with the simulated output. The validation criteria are defined
by the mean absolute error (MAE) and mean absolute percentage error (MAPE). Detailed
comparison results and error levels are presented in Section 3.1.

2.3. TRNSYS Simulation of Graded Heating System
2.3.1. System Description

As shown in Figure 4, the concentrating solar collector and the buffer water tank
constitute a solar thermal collection system, which is mainly used to store heat for the
phase-change heat storage device and provide heat for the building; after the water in the
buffer water tank is heated by the solar collector, it enters the high /middle/low temperature
LHS unit in turn for heat storage. Following the principle of temperature-grade matching,
the high-temperature and middle-temperature LHS units have sufficient energy to provide
direct building heating. Since the low-grade heat in the low-temperature LHS unit cannot
meet direct heating demands, it is exclusively recovered to preheat the inlet air of the ASHP.
The ASHP serves as an auxiliary heat source to ensure the stable heating of the graded
heating system.

Solar heat collection circulating pump

Solar thermal collector

------------------

Buffer water tank

Water pump

Blower

Fresh air % :
PCM25

Heat exchanger
>

=3 Solar heat collection system

Air source heat pump
=>» Solar heating system H >
Cascade PCM thermal storage system

Preheated air system

=

Building

Water pump

Figure 4. Diagram of graded heating system.

Furthermore, to illustrate the systemic benefits of recovering this otherwise unusable
low-grade solar heat, a conventional SAHP coupled CLHS serves as the comparison as
shown in Figure 5. This system naturally omits the low-temperature recovery module
and consists exclusively of high and middle-temperature LHS units for direct heating. All
other components, including the solar collector array, water tank, and circulation pumps,
remain unchanged.
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Solar heat collection circulating pump

Solar thermal collector

Buffer water tank

Water pump

Fresh air

>

=3 Solar heat collection system

=> Solar heating system
Cascade PCM thermal storage system

=

Building

&
<

‘Water pump

Figure 5. Diagram of non-preheated solar-air source heat pump coupled CLHS.

2.3.2. Model Description

The main parameters of graded heating system model are shown in Table 3.

Table 3. Main parameters of the simulation system.

Components Parameters Numeric Unit
heating area 2150 m?
External wall heat transfer coefficient 0.450 W/(m2-K)
Heating buildings External window heat transfe.r ?oefficient 1.01 W/ (mi-K)
Roof heat transfer coefficient 0.249 W /(m*-K)
Ground heat transfer coefficient 0.629 W/(m2-K)
Floor heat transfer coefficient 0.255 W/(m?-K)
. Installation angle 40 °
Concentrating solar collectors Land area occupied by solar collectors 400 m?
PCM25 Weight 1500 kg
PCM42 Weight 3320 kg
PCM60 Weight 6540 kg
ASHP Heating power 86 kW
Fan Air volume 13,300 m3/h

The continuous seasonal simulation utilizes the typical meteorological year data for
Tianjin from the Meteonorm database. This dynamic evaluation covers the entire local
heating period from November 15 to March 15. The simulation execution time step is set to
5 min. The variations in outdoor meteorological parameters during the heating period is
shown in Figure 6.

The latent heat storage device is edited using FORTRAN 90 software and embedded
in TRNSYS 18 simulation software. The main assumptions and energy equations of the
latent heat storage device are as follows:

(1) Assume that the phase change process is an isothermal process;

(2) Assume that the heat transfer fluid flow mode is single-phase flow;

(3) Assume that the heat transfer rate between the PCM and the heat transfer fluid around
each heat exchange tube is the same;

(4) Ignore the potential heat convection inside the PCM;

(5) The liquid and solid PCM have the same specific heat capacity;
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(6) The PCM does not expand during the phase change process.

[}
(e}

—_
(9]
T

—_
(=}

(e}
T

Outdoor temperture (°C)
(9]

|
9]
T

L
(e}
T

[
—_
W

0 240 480 720 960 1200 1440 1680 1920 2160 2400 2640 2880
Time (h)

Figure 6. Outdoor temperature variation during the heating season.

In the study of Sari et al. [34], assumptions (1), (4), (5) and (6) have been widely
discussed. Since the tube diameter is short relative to the tube length, the study of Regin
et al. [35] proved that assumption (2) is reasonable. The study of Tay et al. [36] suggested
that assumption (1) is reasonable.

The heat transfer balance equation of the heat transfer fluid inside the latent heat
storage device as follows:

an (x g t)

21 x g x 70 [Tl ) = Tl )| = Cpp oy x —L2= (10)
where r; is the radius of the heat exchange tube, m; hf is the heat transfer coefficient between
the heat transfer fluid and the tube wall, W/(m-K); T is the temperature of the heat transfer
fluid, °C; Ty, is the tube wall temperature, °C; Cpf is the specific heat capacity of the heat
exchange fluid, kJ/(kg-K); and m is the mass flow rate of the heat exchange fluid, kg/h.

According to the principle of energy conservation, the heat transfer process between
the PCM and the heat transfer fluid is as follows:
For the melting process, when Tpem < Tmt:

C 2 — 2) X 0Tpem (x, t
2r; X hf X 7T X {Tf(x,t) — Tw(x,t)] _Ps X Lpem X (7T X T atrc X 1’0) X pcm(x ) 11)

When Tpem = Tt

2r; X hp X 7T X [Tf(x,t) - Tw(x,t)] = 27X o X H rg?(x,t) X ni(x, ) (12)
When Tpem > Trnt:
2r; X hy X 7T X {Tf(x, £) — Tw(x, t)} _prx Com x (70 X - _E)tn X 75) X pon () (13)
For the solidification process, when Tpem < Tmt:
2r; X g X 7T X {Tf(x, £ — Tw(x,t)] _ Ps X Cpom X (%7 gtﬂ X 75) X OTyan () (14)
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When Tpem = Tt

2 x H ,t) x ory(x, t
2 x by x 7 [Tf(x,t)—Tw(x,t)] _2mxp xrg(:(x ) x ory(x,t) (15)

When Tpem > Tt

C 2 — 2) x 9T, ,t
21/1. X hf X 7T X |:Tf(x,t) — Tw(x,t):| = pl X pcm X (T[ Xr atn X ro) X Pcm(x ) (16)

where p; is the density of liquid PCM, kg/m?; p, is the density of solid PCM, kg/m?; Cpem
is the specific heat capacity of PCM, kJ/(kg-K); r, is the outer radius of the heat exchange
tube, m; r is the radius of the latent heat storage device, m; H is the latent heat value of
PCM, kJ/kg; "pd is the radial melting degree of PCM, m; and T is the real-time phase
change temperature, °C.

The boundary conditions of the latent heat storage device as follows:

Tf/x:O = Tinpcm(t) (17)

where Tj; e, is the inlet temperature of the heat transfer fluid in the latent heat storage
device, °C.
The initial conditions of the latent heat storage device are as follows:

rr/t=0 = Yo; Tr/t=0 = Tpemst=0 = Tinital (18)
where Ty, is the initial temperature of PCM, °C.

2.3.3. Operation Strategy

The system operation strategy is shown in Figure 7. The operation of the solar collec-
tion system depends on the difference between the collector outlet temperature and the
circulating water tank temperature. The operation of the CLHS depends on the circulating
water tank temperature. The operation of the heat release system depends on the circulating
water tank temperature and the outlet water temperature of the single-stage LHS unit, and
the operation of the ASHP inlet air preheating device depends on the difference between
the PCM25 unit temperature and the ambient temperature. The system monitoring points
are shown in Table 4.

Table 4. System monitoring points.

Parameters Data Source
T, Solar collector outlet temperature
T, Solar collector inlet temperature
T3 Circulating water tank water temperature
Ty Outlet temperature of PCM 60 unit
Ts Outlet temperature of PCM 42 unit
Te Outlet temperature of PCM 25 unit
Ty Average temperature inside the PCM 60 unit
Ty Average temperature inside the PCM 42 unit
Ty Average temperature inside the PCM 25 unit
T1o inlet water temperature of ASHP
T11 outlet water temperature of ASHP
Tw Ambient temperature

https:/ /doi.org/10.3390/buildings16081541


https://doi.org/10.3390/buildings16081541

Buildings 2026, 16, 1541

12 of 25

—{ 1,-T.=5°c || P1-on |

—{

SHCS mode  J—

(i momge e }— {
—| 45<CT; <60°C H P3=ON

Heat release mode

T,—T,<3°C P1=OFF

—| T; 250°C [
—{ 1,270 }——{ P3-on

SHCS Heat supply.

SHCS Heat supply.

SHCS Heat supply.

)
)
PCM60& PCM42 & PCM25 Heat storage ]
]
]

PCM42 & PCM25 Heat storage

L{ a0<1, <45°c = p3on ——( PCM25 Heat storage ]
’—>[ PCM235 stops Heat storage ]

[ T; =40°C ] l P3=OFF J SHCS stops Heat supply. ]
L[ PCMG0 and PCMA42 Heat supply |

[ T, -T,>10°C ]—'[ PCM25 Preheating air ]
(o H,
[W]_'[ PCM25 stops Preheating air ]

Figure 7. System operation strategy.

2.3.4. Evaluation Metrics

(1) Economic Evaluation

The Levelized Cost of Heat (LCOH) functions as a pivotal analytical tool for evaluating
the economic viability and sustainability of thermal energy systems like the CLHS. By
calculating the integrated production cost per unit of thermal energy over the system’s
entire lifecycle, LCOH offers actionable insights for decision-making. Its computational
framework incorporates four critical dimensions: initial capital investment, ongoing energy
consumption expenditures, periodic maintenance costs, and total heat output. Operational
costs, specifically, are derived from the dynamic interplay between the system’s energy
consumption profile and real-time electricity pricing, as illustrated in Equation (19) [37].
The formula synthesizes fixed costs and variable costs, distributing total expenditures
across the system’s lifetime heat production. This approach enables a holistic, quantified
assessment of the system’s economic performance.

Gy
Ceap + L1 1 (T70.03) + X 1+"5”6'§)

LCOH =
Z Qhuzt
t=1 (1+0.03)f

(19)

where Ccgp is the initial investment of the system, CNY; t denotes a specific year within the
lifespan of the device in CLHS heating system, year; C,, is the operating cost of the system,
CNY; Cyyi is the maintenance cost of the device in CLHS heating system, CNY; and Qjeq¢
is the heat generated by CLHS system, kWh. In this study, the annual maintenance cost is
assumed to be 1% of the system construction cost [38].

The capital expenditures for key system components are structured as follows: The
low-temperature LHS unit is priced at 8200 CNY per metric ton (CNY/t), with the high-
temperature and middle-temperature LHS units costing 8000 CNY/t and 7800 CNY/t,
respectively. The solar collector system requires an investment of 1000 CNY per square
meter (CNY/m?), while the air-source heat pump incurs a capital cost of 2400 CNY per
kilowatt (CNY/kW). Ancillary components include the water tank at 600 CNY per cubic
meter (CNY/m?) and the circulating pump at 150 CNY/kW. All values are denominated in
Chinese Yuan (CNY), with units corresponding to mass (metric ton), volume (cubic meter),
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|, Initialize Algorithmic
1 Parameters and Objective |— = *
| Function Formulation R

surface area (square meter), or power capacity (kilowatt), depending on the functional
specifications of each component.

Furthermore, it should be noted that the current economic analysis assumes constant
thermophysical properties of the PCMs over the 20-year system lifespan. In actual op-
eration, continuous melting and freezing thermal cycles may induce progressive PCM
degradation, such as phase separation or a gradual loss of latent heat capacity. This degra-
dation represents a primary source of uncertainty in the long-term LCOH bounding, which
necessitates further long-term experimental monitoring in practical engineering.

(2) Environmental Evaluation

The emissions of CO,, SO, and NOj are selected as the key indicators for environ-
mental analysis of the CLHS system, and the pollutant emission is calculated as follows:
Qheat 1

X X — 20
g He x Npower X Mgrid X Hheat A (20)

where E;, is the emission intensity of the pollutant, kg/ m?; p represents the pollutant
type (CO, SO, or NOx); oy is the fuel-specific emission coefficient for pollutant, kg/kg,
(o, =2.493 kg/kg, xso, = 0.075 kg/kg, ano, = 0.0375 kg/kg); H is the calorific value of
standard coal, 29.307 MJ/kg; and 1,,,,,,, is the thermal power generation efficiency of the
thermal power plant, 35%. 7744 is the transmission efficiency of the power network, 92%.
Nheat 18 the thermoelectric conversion efficiency, 99%. A represents the building heating

area, mZ.

2.4. System Optimization

The optimization of system parameters necessitates the adoption of robust strategies
to efficiently converge toward optimal solutions, given the complex interactions among
system variables. In this study, the GenOpt 3.1.1 framework was employed, leveraging
its capacity to integrate simulation models with heuristic algorithms. As illustrated in
Figure 8, the optimization workflow critically depends on the selected algorithm. Here,
the Hooke-Jeeves optimization algorithm—also termed the pattern search or step-size
acceleration method—is utilized. This algorithm operates analogously to locating the
minimum point on a multidimensional surface, effectively solving for the extremum of an
objective function.

e s T IITTON |, GenOpt reads the optimization
1 ! Initialize the simulation 1 ) .o .

. r — —» parameters and objective function, then p==
program and invoke GenOpt | | ] y !
| _ - generates the output files _ |

__________________________ m———————
! I

1
- ,ba S~ol jmmmm—————— A \ :
-~ Objective ~ ~ L .
! -7 Jec S~o I Generate new objective function values 1 |
L Function il | . . 1 1
I YES ~a L _-" | based on the simulation template
~ \O.Ptlmlzatlo’n, | 1
< - g U g g -
i !
1 |
n 1
_________________ 1
' T TN
_ _ _ _ _ GenOpt generates new optimization  _ _ _ _ _ _ _ _ _ _ _ _ o _ o o ______21
| parameters |

Figure 8. Optimization flow chart.

The optimization objective is to minimize the Equivalent Annual Cost (EAC), a metric
that consolidates lifecycle expenditures into annualized terms, with key variables subjected
to optimization including the solar energy system heat collection area (m?), the heating
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capacity of the air-source heat pump (kW), and the thermal storage capacities of three
LHS units.

To ensure indoor thermal comfort with a minimum temperature threshold of 20 °C,
a penalty mechanism is incorporated into the heating system’s optimization framework.
Specifically, a financial penalty of 2000 CNY per hour is imposed when the room tempera-
ture falls below 20 °C, which is integrated into the annual cost function (Equation (21)) [37]
to explicitly quantify its economic impact. Given the substantial weight of this penalty,
the optimization algorithm prioritizes parameter configurations that maintain tempera-
tures above the critical threshold, thereby aligning system performance with both energy
efficiency and occupant comfort requirements.

S "
EAC = m % Ceap + Cop + Conain 1)

where EAC represents the CLHS system annual cost, CNY/year; i represents the discount
rate, i = 3%; and n represents the lifespan, 20 years.

3. Results and Discussion
3.1. Comparison of CLHS and SLHS

A preliminary experiment was conducted on a single PCM60 unit using the geomet-
ric dimensions described in Section 2.2. Under an inlet water temperature of 80 °C, the
experimental outlet water temperature was compared with the simulated outlet water
temperature to validate the numerical model. The validation data are the same inlet/outlet
temperature data used in Section 3.2.2. The model shows good agreement with the experi-
mental results, with a MAE [39] of 0.26 °C and a MAPE [39] of 0.33%. The comparison is
shown in Figure 9.

Experimental outlet water temperature
- - - - Simulated outlet water temperature

80
&) \
< \
g 79r "
=}
s
Bt
Q
3
g 78t
[_4

A

1 1 1 1 1
0 2 4 6 8 10 12

Time(h)

Figure 9. Comparison of experimental and simulated outlet water temperatures of a single PCM60
unit under an inlet water temperature of 80 °C.

Based on the validated numerical model, Figure 10a,b present the liquid fraction and
temperature evolution of CLHS and SLHS under identical boundary conditions. It can be
found that the liquid ratio and internal temperature of CLHS is always faster than that of
SLHS. At the end of heat storage process, the PCM of the CLHS at outlet has completely
melted, while most of the PCM of the SLHS at the outlet has not melted. Correspondingly,
the average heat storage rate of CLHS is 0.087 kW, while the total heat storage rate of SLHS
is 0.054 kW. The heat storage rate of CLHS is 61.1% higher than that of SLHS. Moreover,
the uniformity of CLHS is also better than that of SLHS. At the end of melting, the liquid
ratios/internal temperatures of the three LHS units of CLHS are consistent, while that of
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SLHS are significantly different. This is because the CLHS makes the temperature difference
between the fluid and the PCM more uniform. Hence, the application of CLHS in the solar
heating system is better than that of SLHS.

SLHS CLHS

Liquid Fracton

1x100
9x10!
8x10!

7x10!
6x10! 500 s
510!
4x 10!
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a) The liquid ratio of CLHS and SLHS.
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(b) The temperature cloud of CLHS and SLHS.

Figure 10. Liquid fraction and temperature distribution of CLHS and SLHS.

3.2. Thermal Performance of CLHS
3.2.1. Effect of Flow Rate

The influence of flow rate on the heat storage performance of the LHS device under
different fluid rates was studied. The inlet temperature of the CLHS device was kept at
75 °C. The experiment set up three working conditions with different inlet water flow rates:
laminar flow state (18 L/h), transition flow state (36 L/h), and turbulent flow state (54 L/h).
The initial temperature of the LHS device was 15 °C.

Figure 11a—c show the changes in the inlet and outlet temperature difference and the
average temperature of the internal materials of the LHS units under different water inlet
flow rates. Each phase change thermal storage device presents a corresponding phase
change temperature under different water inlet flow rates, indicating that each phase
change thermal storage device has positive phase change thermal storage characteristics
under different water inlet flow rates. When the water inlet flow rates are 18 L/h, 36 L/h
and 54 L/h, respectively, the total thermal storage power of the CLHS device is 0.027 kW,
0.032 kW and 0.042 kW, respectively. The increase in water inlet flow rate is conducive
to improving the total thermal storage power of the CLHS device. With the increase in
water inlet flow rate, the time of the latent heat storage device in the phase change stage
can be shortened.
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Figure 11. LHS units temperatures under different flow rates.

Figure 12 shows the temperature characteristics at inlet/outlet of LHS unit under
different water circulation flow rates. As the water inlet flow rate increases, the difference
between the inlet and outlet temperature differences in the three latent heat storage modules
gradually decreases. Through variance analysis, the difference index between the inlet and
outlet temperature differences in the three latent heat storage modules under conditions of
water inlet flow rates of 18 L/h, 36 L/h and 54 L/h were 28.75, 20.53 and 18.26 respectively.
When the difference in inlet and outlet temperature in the three LHS units is smaller, the
difference in heat storage efficiency is smaller. Hence, the larger the flow rate, the higher
the heat storage synchronization of the CLHS.
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Figure 12. Inlet/outlet temperatures of LHS units under different flow rates.

3.2.2. Effect of Inlet Temperature

According to the above analysis of the most suitable water flow rate, the water flow
rate of the CLHS device is kept unchanged at 54 L/h, and the influence of different water
inlet temperatures on the thermal storage performance of the phase change thermal storage
device was studied. The experiment established three working conditions with different
water inlet temperatures: 75 °C, 80 °C and 85 °C. The initial temperature of the phase
change thermal storage device under the three working conditions was 15 °C.

Figure 13a—c show the changes in the average temperature of the internal materials
of each latent heat storage device at different inlet water temperatures. Each LHS unit
has undergone the obvious latent heat storage process. When the inlet water temperature
is 75 °C, 80 °C and 85 °C, the total heat storage power of the CLHS device is 0.038 kW,
0.068 kW and 0.091 kW, respectively. The increase in inlet water temperature is beneficial

to improving the total heat storage power of the CLHS device and accelerating the heat
storage rate.
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Figure 13. LHS units temperatures under different fluid temperatures.

Figure 14 shows the temperature characteristics at inlet/outlet of LHS unit under
different inlet water temperatures. As the inlet water temperature increases, the difference
between the inlet and outlet temperature differences in the three latent heat storage modules
first decreases and then increases. Through variance analysis, the difference index between
the inlet and outlet temperature differences in the three LHS units under inlet water
temperatures of 75 °C, 80 °C and 85 °C are 2.52, 2.19 and 9.36 respectively. When the
inlet water temperature is 75 °C, the inlet and outlet temperature difference in the high-
temperature LHS unit is small, and the inlet and outlet temperature difference in the
middle-temperature LHS unit and the low-temperature LHS unit is large, resulting in
the low heat storage efficiency of the high-temperature LHS unit. When the inlet water
temperature is 85 °C, the inlet and outlet temperature difference in the high-temperature
LHS unit increases, and the inlet and outlet temperature difference in the low-temperature
LHS unit decreases. When the inlet water temperature is 80 °C, the difference between the
inlet and outlet temperature differences in the three LHS units is small, and the heat storage
efficiency of the three LHS units is highly synchronized. The higher the water temperature,
the greater the heat loss of the solar collector to the environment, the lower the thermal
efficiency. Hence, the inlet water temperature was set as 80 °C.
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Figure 14. Inlet/outlet temperatures of LHS units under different fluid temperatures.

3.3. Performance of Graded Heating System
3.3.1. Energy Distribution Characteristics

Figure 15 shows the heat storage and release of the CLHS device during the heating
season on a monthly basis. The total heat storage of the high/middle/low-temperature
LHS units is 17,768.8/5720.4/4425.9 kWh. The total solar energy collection for the heating
season is 83,367.6 kWh, and the heat storage of the three LHS units accounts for 21.3%,
6.9% and 5.3% of the total solar energy collection, respectively. Part of the remaining solar
energy collected is directly used for building heating, while the other part is retained in the
buffer water tank.
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Figure 15. Thermal energy distribution of CLHS.

Furthermore, the high-temperature LHS unit provides 16,631.4 kWh for building
heating, the middle-temperature LHS unit provides 4668.9 kWh for building heating, and
the low-temperature LHS unit has a total heat release of 4174.2 kWh, which is used to
preheat the outdoor air entering the ASHP evaporator. The overall efficiencies of the high-
temperature, middle-temperature, and low-temperature LHS units are 93.6%, 81.6%, and
94.3%, respectively. The lower efficiency of the middle-temperature LHS unit is primarily
attributed to a smaller heat transfer temperature difference during the discharging process.
Since its phase change temperature of 42 °C is close to the return water temperature of the
building heating system, the heat transfer rate is relatively low. Consequently, this unit
is often incompletely discharged during dynamic operation cycles. In contrast, both the
PCM60 unit for direct heating and the PCM25 unit for preheating cold outdoor air operate
with substantially larger temperature differences, enabling more thorough heat release and
higher cycle efficiencies. Therefore, the CLHS device can effectively utilize the solar heat.

Figure 16 shows the heat supply and proportion of the CLHS, solar collector and
ASHP. The direct solar heating accounts for a large proportion. The CLHS stores solar
heat and releases heat to provide heat for the building through the high-temperature and
middle temperature LHS units when the solar thermal collection system cannot operate,
thus making up for the defect caused by intermittent and unstable solar heating. However,
when the solar radiation intensity is low enough to provide little or no heat, and the
CLHS device is also unable to provide heat, the ASHP plays the role of auxiliary heating
equipment, effectively ensuring the stability of the heating of the CLHS and graded heating
system. Through statistical analysis, the direct heating of the high-temperature LHS
unit, middle temperature LHS unit, ASHP and solar thermal system are 16,631.4 kWh,
4668.9 kWh, 32,551.5 kWh and 57,586.2 kWh respectively. The heat storage in the CLHS
device thoroughly comes from the solar thermal system. Therefore, the internal solar heat
contribution reaches 70.8% of the total heat supply of the entire system itself. The CLHS
and graded heating system implements a clean heating model with solar heating as the
main source and the ASHP as the auxiliary source.

Figure 17 shows the changes in the operating costs of the internal equipment used
in the CLHS and hierarchical heating system. At an electricity price of 0.79 CNY/kWh,
the total operating cost of the proposed system is 16,167.4 CNY. To evaluate the economic
benefits, the proposed system is directly compared with a conventional solar energy cou-
pled ASHP heating system without a CLHS device. The operating cost of this conventional
system is 17,625.3 CNY. Consequently, the proposed graded system saves 16.7% of the
heating operation costs compared to the system lacking thermal storage.
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Figure 16. Operation analysis of CLHS and hierarchical heating system.
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3.3.2. Performance Enhancement from Low-Grade Heat Recovery

The primary energy consumption of the system is attributed to the ASHP. Figure 18a
illustrates the monthly energy consumption of ASHP. The total energy consumptions of
ASHP with preheating and non-preheating are 21,768.7 kWh and 26,109.8 kWh, respec-
tively. In the graded heating system with preheated air, ASHP consumes 16.6% less energy
compared to that without preheated air. Correspondingly, the COP of ASHP with pre-
heating has risen by 18.3%, shown in Figure 18b. This indicates that the addition of a
low-temperature LHS unit in the CLHS system significantly reduces energy consumption.
Preheating the air is highly beneficial for improving the COP of ASHP and reducing en-
ergy consumption. The reported COP improvement essentially stems from capturing the
otherwise unusable low-grade solar heat to elevate the heat pump intake temperature.

Figure 19 shows the air intake temperature of ASHP in a preheating and non-
preheating system. During the heating season, the average air intake temperature of
the ASHP with and without preheating was 2.52 °C and 1.86 °C respectively. By utiliz-
ing low-grade heat for preheating, the average air intake temperature increased by 35.5%.
Therefore, the cascade storage architecture effectively transforms unusable low-temperature
solar energy into a preheating source, which substantially improves the COP and reduces
the overall energy consumption of the ASHP. Importantly, the 0.66 °C increase in the ASHP
inlet-air temperature represents the seasonal average over the heating period rather than a
uniform rise at every operating hour. Therefore, the 18.3% COP enhancement should be
regarded as a system-level effect induced by the 25 °C PCM unit. By recovering low-grade
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heat for inlet-air preheating, the unit changes the ASHP operating profile and reduces
operation in low-temperature, frosting-prone, and start-up-loss periods.
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Figure 18. Comparison of ASHP with and without preheating.
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Figure 19. Inlet temperatures of ASHP with and without preheating.

3.4. Optimization of Graded Heating System

The Hooke-Jeeves algorithm in the GenOpt framework was employed to optimize the
parameters of the CLHS system. The optimized solar collection area is 354 m?, the ASHP
has a power of 58 kW, and the CLHS system has a thermal capacity of 908.5 MJ. Overall, the
optimization process yielded a reduction in the surface area of solar collectors, a reduction
in the power rating of the heat pump, and corresponding adjustments to the thermal storage
capacity. Due to the optimized parameter matching and improved overall system efficiency,
the total energy consumption during the heating season decreased by 20.7%, as shown in
Figure 20a. Concurrently, the downsized power rating of the air-source heat pump led to a
23.5% reduction in its total energy consumption, as depicted in Figure 20b. It is noteworthy
that the percentage reduction in overall system energy consumption was lower than that
of the air-source heat pump. This discrepancy stems from the fact that system energy
consumption comprises contributions from the air-source heat pump, water pumps, and
fans. In the optimized system, the improved solar thermal utilization efficiency prolonged
the operational time of water pumps, thereby increasing their energy consumption by 15.6%
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compared to the pre-optimization state, as illustrated in Figure 20c. The solar collector
surface area is shown in Figure 20d.
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Figure 20. Operation results before and after optimization.

Figure 21 shows the CO,, SO,, and NOx emissions per unit area before and after
optimization. Higher energy consumption leads to higher pollutant emissions. After
optimization, with the reduction in energy consumption, the CO,, SO,, and NOx emissions
decreased by 20.6%, 20.8%, and 21.0%, respectively. And the total pollutant emissions is

reduced by 20.6%.
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Figure 21. Pollutant discharge per unit area before and after optimization.

While this study presents a feasible approach for the graded heating system, it is
necessary to explicitly outline the associated model idealizations and validity boundaries.
First, the numerical simulation adopts simplified isothermal phase transitions and neglects
internal natural convection. Although these idealizations ensure computational efficiency,
they may slightly overestimate the dynamic heat transfer rates. Second, the system per-
formance and economic analyses are closely tied to the meteorological characteristics and
static electricity tariffs of Tianjin. Consequently, the optimal parameter configurations and
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the reported 70.8% solar heat contribution are most applicable to regions with comparable
solar irradiation and heating loads. Future studies will focus on long-term experimental
validations under diverse dynamic climatic boundaries.

4. Conclusions

This study integrated a cascaded latent heat storage unit with a solar-assisted air
source heat pump to systematically address the operational instability and low-temperature
inefficiency inherent in conventional clean heating. By evaluating the system through com-
bined experiments and TRNSYS simulations, the main findings are concise and integrated
as follows:

(1) The cascaded structural design fundamentally resolves the non-uniform phase transi-
tion defect prevalent in single-stage storage devices. Driven by a matched temperature
gradient, the dynamic heat storage rate is enhanced by 61.1% compared to typical
single-stage units. Furthermore, experimental evaluations under different thermal
boundaries indicate that an inlet fluid temperature of 80 °C yields the minimal dis-
crepancy index, demonstrating the best synchronous heat storage performance across
the internal modules.

(2) The practical relevance of this graded architecture lies in its ability to thoroughly
extract and deploy low-grade solar heat, which accounts for 70.8% of the total system
heat supply. By utilizing the 25 °C latent heat storage unit to preheat the ambient
air for the heat pump, the operating profile of the heat pump is significantly altered.
Consequently, this recovery strategy elevates the seasonal average COP by 18.3%
and reduces heat pump energy consumption by 16.6% compared to a conventional
non-preheating system.

(3) Based on the Hooke-Jeeves algorithm, the parameter optimization of the graded
heating system was conducted. This configuration further reduces the total heating
energy consumption by 20.7% and decreases the associated greenhouse gas and
pollutant emissions by 20.6%.

(4) Despite demonstrating valid technical and economic viability, the current study relies
on simplified isothermal phase transition models and localized meteorological bound-
aries in Tianjin. Future investigations will prioritize full-scale, long-term experimental
validations under diverse dynamic climatic conditions to broaden the applicability of
these findings.
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Nomenclature

Abbreviations

SAHP solar-assisted air source heat pump
CLHS cascaded latent heat storage

LHS latent heat storage

ASHP air-source heat pump

TES thermal energy storage

PCM phase change material

SLHS single latent heat storage

MAE mean absolute error

MAPE mean absolute percentage error

Symbols

A surface area vector of control volume, m?
c specific heat, J/(kg-K)

h heat transfer coefficient between fluid and PCM, W /(m-K)
L latent heat of PCM, J/(kg-K)

m the number of units

n the number of collected data

Q the heat storage capacity of the device, MJ
At recording time interval, h

<

radius of heat exchange tube, m

m the mass flow rate, kg/h

r the radius of the latent heat storage device, m
SSR square sum regression

SSE error sum of squares

T temperature, K

A\ control volume, m>

Greek symbols

p density, kg/ m3

A thermal conductivity, W/(m-K)
Subscripts

e equivalent

5 solid

) liquid

melt phase transition temperature
HS heat storage

w water

in inlet

i the number of data

j the number of LHS unit

out outlet

initial initial state
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