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Abstract

Reasonable scheduling and control of air-source heat pumps (ASHPs) contribute to reduc-
ing operational costs for users while encouraging their participation in grid demand
response. This article proposes a two-layer optimal scheduling and control strategy for
ASHP loads incorporating phase change energy storage (PCES). First, an electricity-heat
coupling model for ASHP loads is proposed. This model integrates PCES technology and
considers the influence of outlet water temperature, ambient temperature, and the cold
island effect on the coefficient of performance. Subsequently, a PCES capacity configu-
ration model is established with the objective of maximizing the overall benefits of the
PCES device. Finally, a two-layer optimal scheduling and control strategy for ASHPs is
introduced: The upper-layer model employs model predictive control to minimize heating
costs based on user comfort, leveraging PCES and building thermal storage characteristics,
in conjunction with time-of-use electricity pricing. The lower-layer model schedules peri-
odic start—stop cycles of the ASHP units to respond to the upper-layer power demand and
mitigates the impact of the cold island effect on ASHP performance through unit inter-
val sequencing. The simulation results show that the proposed strategy reduces the daily
operation cost and power consumption by 38.9% and 25.0%, respectively, significantly
improving the building’s regulation capability.

In the context of a high proportion of renewable energy,
the power system faces various challenges, including limited
generation-side regulation and insufficient grid balancing capac-
ity. The introduction of adjustable resources on the demand
side has become an urgent need to promote changes in grid
dispatching mode and enhance balancing capacity. Demand
response, especially temperature-controlled loads such as air
conditioning and refrigerators, which are numerous, have great
potential and exhibit thermal inertia, has become a favored con-
trol resource [1, 2]. Therefore, utilizing temperature-controlled
loads to provide ancillary services to the power system has
attracted significant attention. The services provided by
temperature-controlled loads differ from traditional generation
dispatching: they need to meet instructions while minimizing
interference with users’ daily lives, making the control strategies

more flexible and complex [3]. Proper control of temperature-
controlled loads can economically provide various ancillary
services, ensuring the safe operation and high efficiency of the
system, while reducing the load demand to alleviate pressure on
the generation side. Air source heat pumps (ASHPs), as a type
of temperature-controlled load, have been increasingly adopted
in the heating market in North China [4], and many current
researches utilize ASHPs to realize the green and economic
operation of the grid [5-8]. Therefore, it is extremely important
to study their control strategy.

Cutrrently, the modeling of ASHPs frequently employs equiv-
alent thermal parameter models. Reference [9] initially proposed
a first-order thermal model for cooling and heating loads, estab-
lishing a nonlinear equation-based model that relates indoor and
outdoor temperatures to electricity consumption. Based on this,
reference [10] added transient models for the start-up and shut-
down, decomposing the process into two stages for analysis.
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TABLE 1 Literature review.
Configuring energy
No. Year Models Control methods cop Cold island effect storage
[5] 1988 First-order thermal model - X X -
[6] 1990 Two-stage model - X X -
7 1994 Polymer model - X X -
[8] 2019 Coupled model - X X -
[9] 2020 Considering the envelope - X X -
[11] 2014 - Based on start—stop rules — X X
[12] 2016 — Optimal control — X X
[14] 2015 - MPC _ X x
[15] 2016 - MPC - X X
[16] 2016 - MPC - X X
[17] 2012 - MPC - X X

Reference [11] investigated a polymer physical model for cool-
ing and heating loads, investigating the relationship between the
total electricity demand of multiple units and the heating effect
through parameter design, as well as exploring the impact of
power outages on load temperature to determine load dynamics
and flexibility.

Reference [12] established output heat models for heat pump
loads and load demand models for the system, thereby establish-
ing a dynamic coupling relationship between the two. Reference
[13] investigated the impact of building envelope structures
on energy consumption in building modeling, establishing a
thermodynamic model considering both building and air con-
ditioning parameters. The above high-precision models have
complicated structures, while simplified models have low accu-
racy, and neither of them consider the variation of coefficient
of performance (COP), which is highly correlated with outlet
water temperature and ambient temperature [14].

In terms of control, the control method based on start—stop
rules has been widely applied [15]. However, this method only
sets upper and lower limits for indoor temperature and with-
out taking into account the optimization of building operation.
Reference [16] used optimal control to minimize tempet-
ature fluctuations as the optimization objective, achieving
precise control of indoor temperature. Compared to the afore-
mentioned control methods, model predictive control (MPC)
methods can predict future operating states (such as indoor
temperature) based on heat pump load models, optimize the
objective function within set constraints, and obtain the opti-
mal control signal [17]. In references [16, 18-21], the objective
of minimizing operational costs is proposed, with constraints
on the maximum power of the heat pump and the indoor
temperature range. This approach is employed to shift loads
Table 1 during high-price periods for electricity, thereby mini-
mizing active energy demand while satisfying thermal comfort
requirements.

The aforementioned methods only consider the inherent
energy storage capacity of heat pump loads and do not consider
the enhancement of load adjustability via the configuration of

energy storage devices. Phase change material energy storage
(PCMES), being a novel energy storage medium, has received
extensive attention in the fields of building and materials [22,
23]. These materials are cost-effective, easy to produce on a
large scale, have a long lifespan, require no maintenance, and
provide economic advantages. They can be used as energy stot-
age materials to enhance the energy storage capacity of heat
pump loads and decrease heating costs. Reference [24] proposes
the utilization of climate towers equipped with phase change
materials (PCMs) to reduce active power consumption, thereby
facilitating the operation of the system as a passive energy
system.

Heat pump units are typically arranged in arrays, which can
cause the accumulation and settling of cold air between units
during operation, forming low-temperature areas within the
array, known as cold island effects. The cold island effect sig-
nificantly reduces the efficiency of heat pump units, leading
to increased operating costs and insufficient output power.
Although measures such as increasing the spacing between
units, installing flow barriers, and raising the height of units can
effectively alleviate the cold island effect [25, 20], these opti-
mization measures are not feasible to heat pump units that are
already in operation. Consequently, this study proposes meth-
ods such as interval sorting to achieve an equivalent increase in
average spacing between units, thus mitigating the impact of the
cold island effect.

In summary, based on the reference [27], this study proposes
a two-level optimal scheduling control strategy for ASHP with
PCMES:

1. Proposing an electric-thermal coupled model for ASHPs
with phase change energy storage, based on the analysis of
the first law of thermodynamics and their working princi-
ples, considering the influence of ambient temperature and
outlet water temperature on the COP.

2. Presenting a dual-layer optimization and control strategy
for ASHPs, which ensures user comfort while utilizing the
thermal storage characteristics of buildings and PCMES
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FIGURE 2  ASHP operation principle.

and minimizes heating costs based on time-of-use electricity
prices.

3. The lower-layer model schedules the periodic start—stop
responses of heat pump units to meet the power demand
of the upper layer and mitigates the impact of the cold island
effect on heat pump performance through interval sorting.

The paper is organized as follows: Section 2 introduces the
load control architecture. Section 3 establishes PCMES-ASHP
mathematical model. Section 4 proposes a PCMES capac-
ity configuration model. Section 5 proposes the ASHPs load
dual-layer optimization scheduling control strategy. Section 6
provides the results from the simulations. Section 7 is the
conclusion and outlook.

2 | LOAD CONTROL ARCHITECTURE

The load control uses a dual-layer optimization and control
architecture, and the specific process is shown in Figure 1.

This study establishes a Figure 2 load model by analyzing
parameters such as thermal power, electrical power, COP, and
operating temperature of ASHPs. Meanwhile, considering time-
of-use electricity prices, operating costs, and thermal storage
capacity of phase change materials, a phase change mate-
rial capacity configuration model is established to maximize
the benefits. Subsequently, a phase change material-air source

Heat
Uptake
>

ncm T
—
Heat

Release

0 O O 0

Phase change curve.

FIGURE 3

heat pump model is developed to enhance the adjustability of
ASHPs.

The lower layer receives the operating status of loads, includ-
ing switch status and model parameters, through bottom-level
sensors. After considering conditions such as cold island effect
and minimum start—stop time of units, it formulates opti-
mization strategies, arranges the start—stop sequence for the
next control cycle, and issues control commands through local
controllers.

The upper layer adopts MPC method to predict the future
operation status and electric-thermal consumption of build-
ings over a certain period. Within each control cycle, it takes
into account the time-of-use electricity prices and ambient tem-
perature for the future time period, and based on the current
indoor temperature of users, it obtains the power curve of the
heat pump unit group by optimizing the objective function (i.c.
minimizing the operating cost of units).

3 | PCMES-ASHP MATHEMATICAL
MODEL

3.1 | PCMES-ASHP operation principle
ASHPs operate based on the reverse Carnot principle. Taking
the heating mode in winter as an example, the operation princi-
ple is shown in Figure 3. The refrigerant is compressed by the
compressor, resulting in a high-temperature and high-pressure
state. Part of the refrigerant directly enters the condenser, while
the other part flows to the PCMES device for heat exchange,
utilizing the temperature difference between the refrigerant and
the phase change material to control the energy charging and
discharging of the PCMES device. Subsequently, the refrigerant
enters the condenser and exchanges heat with the circulating
water, transforming into a high-temperature and high-pressure
state. The high-pressure liquid refrigerant undergoes pressure
reduction through the expansion valve, returning to a lower
state than the ambient temperature and exhibiting the character-
istics of heat absorption and evaporation. The low-temperature
and low-pressure refrigerant absorbs heat from the air and
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FIGURE 4  Heat exchange control principle of PCMES.

returns to the compressor. The circulating water absorbs heat
from the refrigerant and provides heating to users. This cycle
allows the refrigerant to continuously absorb heat in the evap-
orator and compressot, release heat in the condenser, and the
thermal energy obtained by the circulating water is the sum of
the heat converted from the compressor power and the heat
obtained from the air, resulting in a heat output from the ASHPs
that is 4 to 6 times the electrical energy consumption.

Typically, ASHPs adopt on—off control, operating at full
power when turned on and zero power when turned off. Multi-
ple units of the same model are used in parallel to form a heat
pump unit group. When the heat demand of users is low, only
a portion of the heat pumps are operated by controlling the
start-up. When the indoor temperature changes due to external
conditions, the heat pumps are started or stopped to regulate
the heat input and maintain a stable indoor temperature.

3.2 | PCMES mathematical model

When designing a PCMES system, the phase change process
of the phase change material is utilized for heat absorption and
release, as shown in Figure 3. In terms of energy storage density,
it lies between sensible heat storage and chemical heat storage,
exhibiting better energy storage performance than sensible heat
storage. The PCMES system utilizes the melting/solidification
enthalpy of the phase change material to store heat at nearly
constant temperature, with minimal volume change during the
phase change process, facilitating storage. Additionally, it main-
tains excellent stable chemical properties, resulting in a long
service life of up to 30 years.

The heat exchange control principle of the PCMES device is
shown in Figure 4.

Assuming that the PCMES device used in this paper operates
under ideal conditions, neglecting the temperature fluctuations
and reduction in energy storage capacity duting charging and
discharging processes of phase change energy storage, its opet-
ating state is solely influenced by the upper and lower limits
of energy storage. Assuming that the outlet temperature of the
PCMES device is the same as the temperature of the phase
change material, the heat absorbed by the PCMES device at time
7 is represented as:

Opens(t) = aev (T, — 7f)cm) . O

Here, Opcyps represents the heat absorbed by the PCMES
device, & represents the percentage of flow entering the PCMES

device relative to the total system flow rate, ¢ represents the
specific heat capacity of water, » represents the flow rate of
water, 7;, represents the inlet temperature of the PCMES
device, and 7, represents the temperature of the phase
change material, which is the outlet temperature of the PCMES
device.

The thermal storage state of the PCMES device is defined as:

Opcemes ()

SOC () = X 100%. @)

.QPCMES,maX

Here, SOC represents the thermal storage state of the
PCMES device and Opcnpsmax fepresents the maximum ther-
mal storage capacity of the PCMES device. The formula is
expressed as:

OpcMES,max = Ppemt - 3
b

Here, 7., tepresents the mass of the phase change material,
with the unit phase change enthalpy represented by /.

3.3 | ASHP mathematical model

3.3.1 | Heat pump unit model

The COP of an ASHP represents the ratio of the heat-
ing/cooling capacity to the electrical power input. The relation-
ship between the electrical power and heating/cooling capacity
of ASHP j can be expressed as:

Opump =10 0) - Cop,(0), @
Cop,; = ! 5
S ©)

Ty,ou(?)

Here, P;'ﬂ:np,j and Q;{Eﬂ ; represent the electrical power and
heat power of ASHP j, respectively. Cop, represents the COP
of ASHP j, 7, represents the ambient temperature, and 7.,
represents the outlet water temperature of the ASHP.

The power expression for the heat pump unit group is:

N
_ HP
Dpuenps 1) = /221 Cor, () S, L) s ©
N
K= 35, ™
J=1

Here, Oyumps tepresents the heat power of the heat pump unit
group, #pumps represents the number of heat pump units in the
group, and S, represents the switch status of unit;in the group,
with 1 indicating on and 0 indicating off. /N denotes the number
of heat pump units.
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3.3.2 | Heat pump water circulation model
According to the first law of thermodynamics [20], the relation-
ship between the outlet water temperature of the ASHP and
time 7 can be expressed as:

dY:V yout _
CW,()ut dl‘ Kxntcr(T re 7:v,<)ut) +qumps’ (8)
Kiater = @0 &)
Here, 7, represents the return water temperature of the

ASHP, Cy, ., represents the specific heat capacity of water,
and K, tepresents the heat exchange power between the
circulating water and the room.

The return water temperature of the ASHP with respect to
time # can be expressed as:

w,re

Cw,re df ( a)Kxater( W, out — w,re)
+ aKX ater( pcm - Y:V,KC) + .,Qroom—water' (1 O)
Here, C,. represents the specific heat capacity of the return

watet, and Ooom-waer fe€presents the heat exchange power
between the room and the circulating water.

The heat exchange between the circulating water in the end
room and the indoor heat is represented as:

W, out)

(1 - a)]goom \Vater( room

+ c(]qoom Water( room T{)Cﬁ])' (11)

Qroom—watcr

Here, 7;m represents the average indoor temperature, and
Koom-water tepresents the thermal conductivity between the
room and the circulating water.

3.3.3 | Heat exchange model at the end of the
heat pump

The heat power of the heat pump unit group is equivalent to the
sum of the heat dynamics of all rooms in the building. Treating
the end as a whole, the heat exchange between the end room
and the external environment can be expressed as:

. d 7;001’1]

C:u - Kur ( ,Qroom—water . (1 2)

ro()m)

Here, K;, and C};, represent the heat conductance and heat
capacity of the end room, respectively.
p f the end , respectively.

3.3.4 | PCMES heat exchange model

QP( MES,char (f) - aKwtcr( w,out pcm)’ (1 3)

QPC\IES,dls (f) - aKVqter( pem T 7;v,re)’ (14)

Opemps,char () — Opemis,dis )

SOC(t) = (1 —8)S0C(t —1) +
DQPCMES,max

(15

The equation is as follows: § represents the self-discharge rate
of the PCMES device, and Opemes char a0d Openirs dis tepresent
the charging and discharging heat of the PCMES device.

4 | PCMES CAPACITY CONFIGURATION
MODEL

Installing PCMES devices in ASHPs is a way to enhance the
system’s energy storage capacity, allowing for the utilization of
time-of-use electricity pricing. By storing energy during low-
price petiods and releasing energy during high-price periods, it
further reduces heating costs for users. However, implementing
this improvement requires investment in purchasing, installing,
and maintaining PCMES devices. Accurate planning for the
system’s capacity is necessary to ensure maximum return
on investment. Therefore, during system retrofitting, device
capacity planning needs to be considered. Rational capacity
planning is imperative for maximizing returns. This means that
careful evaluation and trade-offs need to be made regarding
the device’s size, thermal storage capacity, and corresponding
operating costs.

4.1 | Objective function

maxC = C

mncome

- qanest - C;vpc' (1 6)

Here C represents the total revenue of the PCMES device,
Cincome represents the revenue generated, Ci,.; represents the
initial investment cost, and C,,. represents the operating and
maintenance costs.

a
qncome Z [S\OC(I - 1) - Soc f)] price l) (17)

t=1

where Pyic. () represents the electricity price at time £

ql]V’ESt y[m 11]’ (1 8)
1+ R)”
1+R" -1

where ¢, represents the unit capacity investment cost of the
device, IV, represents the installed capacity of the device, ¥
represents the equivalent investment recovery discount factor,
n represents the service life of the device, and R represents the
annual interest rate of the bank.

Cope = boptVin- (20)

Here, ¢, represents the unit capacity maintenance cost of the
op

device.
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4.2 | Constraints @
1. Heat pump unit dynamic model constraints:
®
Formulas (4)—(15). ®
2. Unit start—stop control constraints:
@ —
on < on < on 21 @)
Aoumps,min = #pumps = #pumps,max @1
on on b e
where A and Hump,max tEPresent the minimum and max- 12345678910 12345678910
imum number of units to be turned on during control cycle 4,
respectively. FIGURE 5 Start—stop sequence of heat pump units.
3. Indoor temperature constraints: 5.2 | Lower-level optimization model
Toommin < Toom < Loommaxs (22) 5.2.1 | Periodic start—stop control strategy for
heat pump units
whete 7ioom min a0d Zioom max represent the upper and lower

limits of the indoor temperature, respectively.

4. PCMES device control constraints:
0<a<l. (23)
5. Capacity constraints:

0<S0CEH) < 1. 24)

5 | AIR SOURCE HEAT PUMP LOAD
DUAL-LAYER OPTIMIZATION
SCHEDULING CONTROL STRATEGY

5.1 | Upper-level optimization model
5.1.1 | Objective function
P
min /' = 1 &+ 11 = et (25)
=
&) = Bimps () * P * Poricc (B) * T (26)
where y represents the operating cost of the unit, | | ||, repre-

sents the 2-norm, P;..(#) represents the electricity price for
control period 4, and 7 represents the duration of control

period 4.

5.1.2 | Constraints

The constraints mainly include the dynamic model constraints
of the heat pump unit, start—stop control constraints of the unit,
and indoor temperature constraints expressed by Equations (4)—
(15) and (21)—(24).

In the current heat pump system, multiple units are often
operated in parallel for cooling or heating. However, in the
simultaneous operation of dual or multiple units, the units can-
not automatically adjust the number of units and control their
operating time according to the load, resulting in a significant
waste of electricity. The lower-level model adjusts the number of
heat pump units to respond to the upper-level power demand.
In actual operation, the target power of the heat pump unit
group varies over time, and its state sequence changes with the
power. It is necessary to arrange the start—stop sequence of the
units properly.

To prevent frequent start—stop cycles and reduce lifespan,
all units involved in the control need to introduce a minimum
start—stop time constraint

T.off > T}off (27)
J

/,min’

where T/ off represents the shutdown time of the jth heat pump

unit, and T/"nffm represents the minimum shutdown time of the
_th heat pump unit.

A periodic start—stop control strategy for heat pump units is
proposed. The number of units to be opened is solved based on
the upper-level power, and the start—stop sequence for the next
period is determined based on the current operation of the heat
pump units, represented by a column vector S(&) =[5}, 5,,...... ,
.YN]T (£ =1,2,...,P). As shown in Figure 5, the red color rep-
resents the heat pump in the open state, and the green color
represents the heat pump in the closed state. Let the initial state
sequence be §(&) = [1,1,...... ,0,0]. When the number of units to
be opened increases, the heat pump with a larger sequence num-
ber is prioritized for opening. In this case, the state sequence
becomes S(+1). When it reaches the end of the sequence, it
automatically connects to the beginning of the sequence. This is
shown in Figure 5 for 1, 3, and 5. When the number of units to
be opened decreases, the heat pump at the end of the sequence
is prioritized for closing, as shown in Figure 5 for 2 and 4. When
a heat pump transitions from the open state to the closed state,
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1 17 2 18 3 TABLE 2 Simulation parameter settings.
Building parameters Setpoint
Coonr 6.7x 107)/°C
11 7 12 8 3 o 6710y
@ @ @ @ Coir 1.49 x 1?7]/°c
Koater 28x10°W/°C
4 1 9 5 2 O 6 Y C— 6.6 X 104 W/°C
@ @ K 5.2 % 10* W/°C
1 4 9 1 5 1 O 1 6 TABLE 3  Parameter of the phase change material.
Temperature 35°C

FIGURE 6 Interval sorting of units.

its priority for opening becomes the lowest. That is, when all
other heat pumps have been opened once before being put into
operation, the shutdown time can meet the minimum shutdown
time constraint.

The power of the unit group for each control period is given
by

N
Poumps 8) = 2, 8,00 - 10 (28)

j=1

52.2 | Cold island effect

Due to the cold island effect, the temperature at the evaporator
inlet is lower than the ambient temperature during actual oper-
ation, resulting in a decrease in heat pump load, heat transfer
performance, and COP. For the units already in operation, com-
bined with the periodic start—stop control strategy proposed
eatlier and the interval sorting between units. During operation,
only a portion of the heat pump group is usually opened. By
using a distribution with adjacent sequence numbers, the aver-
age spacing can be effectively increased, reducing the impact of
the cold island effect and improving the COP and operational
efficiency. Taking a 4-row 5-column unit group as an example,
its distribution is shown in Figure 6.

The ambient wind field affects the air quality and inlet ambi-
ent temperature of the evaporator. Considering the temperatutre
difference between the evaporator inlet temperature and the
ambient temperature, the impact of the cold island effect on the
COP is taken into account. Under no wind conditions, the air
accumulates directly in the unit array after absorbing heat from
the evaporator. Proper wind speed improves the circulation of
cold air, improving the distribution of the air flow field in the
unit array.

The temperature difference between the ambient temper-
ature and the evaporator inlet temperature can be expressed
as

Investment cost

0.12 yuan/kW

Operation and maintenance cost

0.1 yuan/kW

Self-discharge rate 0.02/day
Lifespan 30 years
a - L*+a-L+a 02<L<15
AT = , 29)
0 L>15
ATy =by - W2+ by - W + by, (30)
I3 =1, = AT} + AT, €3]

where 7' represents the ambient temperature at the evap-
orator, I. represents the average spacing between units, I/
represents the ambient wind speed, and « and 4 are constant
coefficient terms.

Therefore, Equation (2) is modified as

1
Cop,; (1) = P 32
Y:V,outv)
6 | CASE STUDY
6.1 | Basic data

Taking a typical building load as an example, the improved
ASHP thermodynamic model proposed in this article is applied
for simulation verification. The simulations are solved using the
Ylamp toolbox of MATLAB calling the CPLEX solver.

The parameters are set as shown in Table 2 [28]. The building
has a total of 20 ASHPs, with a single unit power of 35 kW.
When the COP is set as a constant value, the conventional
empirical parameter COP = 3 is used. The average spacing
between heat pumps is 0.8 m. The parameters of the phase
change material are shown in Table 3. Model parameters are
obtained through methods such as least squares, Kalman
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TABLE 4  Time share tariff. TABLE 5 Comparison of running results of different strategies.
Electricity price Electricity price Running Energy consumption
Slots ($-kWh™1) Slots (5-kWh™1) Scenario cost ($) (kWh)
00:00-07:00 0.3249 11:00-15:00 0.622 6 1 5346 8586
07:00-09:00 0.622 6 15:00-22:00 0.920 3 2 4688 7323
09:00-11:00 0.920 3 22:00-24:00 0.622 6 3 4330 7123
4 3756 6300
5 3639 6134
15 115
6 3264 6441

o wu oS
T T T
L L L
S o =
5

&
T
L
n
Ambient Air Velocity/(m/s)

Indoor Temperature/°C

oS
T
L

5

-15 L L -15
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t

—Indoor Temperature —Ambient Air Velocity

FIGURE 7 Outdoor temperature and wind speed on a typical winter day.

filtering, or dynamic identification of model parameters based
on particle filtering,

The time-of-use electricity price is shown in Table 4. The
ASHP units adopt centralized heating, and the end tempera-
ture is set uniformly. According to the “Indoor Air Quality
Standard” formulated by the national government in 2002, the
heating standard for winter is 16-24°C. Considering the actual
operating scenario, the indoor temperature constraint range is
set to 18-24°C. The environmental temperature and wind speed
are set as shown in Figure 7.

Selection of MPC control period and prediction horizon:
Simulation results are obtained through simulation enumeration
for different control periods and prediction horizons. As the
control period decreases and the prediction horizon increases,
the operating cost gradually decreases. When the control period
is less than 15 min, the cost reduction is not significant, and
the number of unit start—stop cycles increases as the control
period decreases. Therefore, this paper selects a control period
of 15 min [29]. When the prediction horizon exceeds 16, the
optimization effect significantly weakens, and an excessively
long prediction horizon increases the computational burden and
may even lead to unsolvability. Therefore, this paper selects a
prediction horizon of 4 h.

6.2 | Analysis of operating results

To fully analyze the economic advantages of the proposed
control strategy compared to existing strategies, consider the
influence of variable COP and the cold island effect, and further
consider the impact of PCMES configuration on system eco-
nomics. Three strategies are set up, with a total of six scenarios
for comparative analysis:

Scenario 1: Start—stop control strategy, where the heat
pump is turned on when the temperature reaches the

lower limit and turned off when it reaches the upper
limit. Time-of-use electricity price is not considered, and
the COP is set to 3. The indoor temperature is set to
18-24°C.

Scenario 2: Constant temperature control strategy, where
the number of heat pumps is automatically adjusted.
The control petiod is 15 min, and time-of-use electric-
ity price is not considered. The COP is set to 3, and the
indoot temperature is set to 20°C.

Scenario 3: MPC control strategy, with a control period of
15 min and a prediction horizon of 4 h. Time-of-use
electricity price is considered, the COP is set to 3, and
the indoor temperature is set to 18-24°C.

Scenario 4: Based on the settings of Scenario 3, considering
the influence of environmental temperature and outlet
water temperature on the COP.

Scenario 5: Building on Scenatio 4, considering the impact
of the cold island effect on the COP.

Scenario 6: Building on Scenario 5, further considering the
energy storage function of PCMES device.

6.2.1 | Analysis of operating results for different
control strategies

The operating results for different control strategies are shown
in Figure 8 and Table 5. When the heat pump load is con-
trolled using the start—stop control strategy, the operating cost is
the highest, and the indoor temperature fluctuates between the
upper and lower limits, resulting in poor comfort. Compared to
the start—stop control strategy, the constant temperature con-
trol strategy adjusts the operation of the heat pumps based
solely on the environmental temperature, resulting in a 14.1%
reduction in operating cost and a 17.3% reduction in electricity
consumption. Moreover, the thermal comfort for users is signif-
icantly improved. Compared to the first two control strategies,
the MPC control strategy reduces the operating cost by 23.5%
and 8.3%, and reduces electricity consumption by 20.5% and
2.8%, respectively. When the units are operating normally, the
heat pump unit group adjusts the operating power based on
the environmental temperature to maintain the indoor temper-
ature at the lower limit, reducing the operating cost of the units.
Before the electricity price increases, the unused heat pumps
are turned on to utilize the thermal storage characteristics of
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FIGURE 8  Operating results for different control strategies.

the building, storing heat in advance. After the electricity price
increases, the heat pumps ate turned off, and the remaining
heat in the building is used to meet the heating demand. By
combining time-of-use electricity price and fully utilizing the
thermal storage characteristics of the building, the load trans-
fer is achieved, significantly reducing the operating cost of the
units. The iteration time for each MPC does not exceed 23 s,
and the total solution time is approximately 8 min.

6.2.2 | Analysis of the influence of variable COP
and cold island effect on optimization results

As shown in Table 5, compared to Scenario 3, Scenario 4
considers the influence of environmental temperature and out-
let water temperature on the COP. The daily operating cost
and electricity consumption are reduced by 15.3% and 13.1%,
respectively. As shown in Figure 9, the indoor temperature vari-
ations are similar for Scenarios 3 and 4. During the rolling

0
08:00 12:00 16:00 20:00 24:00

t
—Indoor Temperature  Power

(f) Scenario 6

optimization process of the heat pump load, the operating sta-
tus of the units is adjusted to achieve the minimum operating
cost by operating at high COP. The COP decreases with the
increase in outlet water temperature and increases with the
increase in environmental temperature. During the heat storage
phase before the electricity price increase, the outlet water tem-
perature rises and the COP decreases. However, the COP in
Scenario 4 remains above 3, indicating that the power and oper-
ating cost are lower than in Scenario 3 while storing the same
amount of heat.

In practical operation, long-term operation of heat pump
units can lead to the accumulation and settling of cold air,
resulting in the evaporator inlet temperature being lower than
the environmental temperature, which reduces the COP and
increases the operating cost of the heat pump load. Scenario
5 considers the impact of the cold island effect on the COP
and adopts a periodic start—stop control strategy for the heat
pump units. By using interval sorting, the average spacing
between units is effectively increased, reducing the temperature
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difference at the evaporator inlet. As shown in Figure 9, during
the heat storage phase, the indoor temperatute in Scenario
5 is higher than in Scenario 4, indicating that the thermal
storage capacity of the building is improved after considering
the impact of the cold island effect. Moreover, the overall
COP in Scenario 5 is higher than in Scenario 4, resulting in
lower operating costs for the units. As shown in Table 5, daily
operating costs and electricity consumption were reduced by
3.2% and 2.7%, respectively.

6.2.3 | Analysis of the influence of PCMES on
optimization results

When determining the capacity of the PCMES system, the opti-
mal configuration capacity is found to be 1680 kWh. In Scenario
0, as shown in Table 5, compared to Scenario 5, the daily operat-
ing cost and electricity consumption are reduced by 10.3% and
—5%, respectively, after considering the energy storage function
of the PCMES device. The introduction of the PCMES device
further enhances the overall energy storage capacity of the
building. Before the electricity price increase, the flow rate of the
PCMES device increases, storing heat. As shown in Figure 10,
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FIGURE 10 PCMES operating results.

as the electricity price increases, the operating power of the
heat pump load decreases, and the heat stored in the PCMES
device and the building is used for heating, effectively reduc-
ing energy costs. However, considering the energy loss of the
PCMES device, energy consumption increases after considering
its energy storage function.

7 | CONCLUSION

This paper proposes a dual-layer optimization scheduling
control strategy for heat pump load with PCMES, and its effec-
tiveness is verified through a case study analysis. The main work
and conclusions are summarized as follows:

1. Based on the analysis of the first law of thermodynamics
and the working principle, considering the influence of envi-
ronmental temperature and outlet water temperature on the
COP, a refined electric-thermal coupling model for ASHPs
is proposed.

2. A dual-layer optimization scheduling control strategy for
heat pump load with PCMES is proposed. The upper-level
model minimizes the heating cost for users by utilizing the
thermal storage characteristics of the building and PCMES,
combined with time-of-use electricity price, while ensuring
user comfort. The power curve of the heat pump units is
determined. Based on the power distribution in each time
period derived from the upper-level model, the lower-level
model determines the operating status of the unit group and
arranges the start—stop sequence for the next control period
reasonably. The impact of the cold island effect is reduced by
using interval sorting.

Finally, three strategies and six scenarios are set up for com-
parative analysis. The results indicate that the control strategy
proposed in this paper outperforms other strategies signifi-
cantly. When compared to the conventional start—stop strategy,
it achieves a 38.9% reduction in single-day operation cost and
a 25.0% decrease in power consumption, thereby significantly
enhancing the flexible regulation capability of the building;

In future studies, we can further consider the impact of the
overall electricity matrket [30] and the retail electricity market
[31] on the operation of building loads.
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