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A B S T R A C T   

Incorporating low-temperature renewable energy sources such as geothermal energy, solar energy, and waste 
heat into district heating and cooling systems is expected to be an effective solution for reducing fossil energy 
consumption and carbon emissions. This study aims to propose an optimal intelligent control strategy for the 
water-source heat pump coupled with an ice storage district cooling system, which can fully maximize the 
economic potential of renewable energy and ice storage systems. The proposed control strategy treats the ice 
melt cooling rate, water supply temperature, and cooling ratio of the water source heat pump as three inde
pendent control variables. The minimum operating cost per unit of cooling supply is identified as the optimal 
objective function of the genetic algorithm. An integrated heat transfer model of the water-source heat pump 
coupled with an ice storage district cooling system was developed, and experimental test data verified its ac
curacy. Compared with the ice melting priority control strategy and the water-source heat pump priority control 
strategy, the GA-based optimal control strategy saved 8.7–9.3% of the operating cost while maintaining a 
relatively good energy-saving performance. This proposed intelligent control strategy can stimulate the 
tremendous economic potential of the ice storage district cooling system coupled with renewable energy sources.   

1. Introduction 

Building energy consumption, one of the three main components of 
energy consumption, accounts for 36% of the world’s total energy 
consumption (Xu et al., 2020) while the energy consumption share of 
heating ventilation and air conditioning (HVAC) systems serves as the 
most prominent section accounting for about 60–70% of the total energy 
consumption of buildings (Allen et al., 2020; Wang et al., 2021a). In the 
actual operation, there is a common problem of low average load rate, 
high peak load rate, and low efficiency of power utilization (Sun et al., 
2020) which will quickly lead to the insufficient power supply of the 
power grid during peak load hours and excess power during valley load 
hours (Wang et al., 2021b). 

To address the above problems and ensure the smooth operation of 

the power system, the previous research and relative policies on scien
tific management of the power-demand side are gradually increasing 
and being implemented (Alajmi and Zedan, 2020; Inayat and Raza, 
2019; Han et al., 2021). Large-scale district heating and cooling systems 
(DHCS) (Deng et al., 2017), as a centralized set-up of large energy sta
tions and one of the energy-saving solutions for HVAC systems, are 
increasingly being integrated with renewable sources and ice storage 
technology (Anderson et al., 2021) which has become an effective so
lution for carbon dioxide emission reduction and energy efficiency 
improvement (Abugabbara et al., 2020). 

There is plenty of state-of-the-art research on district heating and 
cooling systems focusing on system design optimization (Falay et al., 
2020; Coccia et al., 2021) Chan et al. (2007). developed the optimal 
design approach for the distribution pipe configurations of district 
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cooling.  
Nomenclature 

Teo The chilled water supply 
temperature on the 
evaporation side, ◦C. 

γ The ice melting cooling ratio 
(the percentage of cooling 
supply of ice storage system. 

Tei The chilled water return 
temperature on the 
evaporation side, ◦C. 

θ The cooling supply proportion 
of the WSHP unit to the total 
cooling supply. 

Tci The cooling water inlet 
temperature on the 
condensation side, ◦C. 

g The ethylene glycol solution. 

Tco The cooling water outlet 
temperature on the 
condensation side, ◦C. 

b The evaporation pump of 
WSHP. 

Tgei The supply temperature of 
the ethylene glycol 
solution, ◦C. 

BS The evaporation pump of 
DMHP. 

Tgeo The return temperatures of 
the ethylene glycol 
solution, ◦C. 

BQ The river water pump. 

q The cooling supply at a 
specific moment, kW. 

B The condensation pump of 
WSHP. 

Q The cooling supply, kW. BY The ethylene glycol pumps. 
W The power consumption, 

kW. 
B1 The primary chilled water 

pump. 
COP The coefficient of 

performance. 
Br The chilled water pump for ice 

melting. 
m The flow rate of the 

refrigerant, m3 /h. 
B2 The circulation water pump for 

the external network system. 
M The flow rate of the 

refrigerant, kg /h. 
WSHP Water-source heat pump 

C The specific heat capacity 
of the refrigerant, J /kg⋅ ∘C. 

DMHP Dual-model water-source heat 
pump. 

H The pump head, m. DMHP, 
COOL 

Cooling model of DMHP. 

η The pump efficiency. DMHP, 
IS 

Ice storage mode of DMHP. 

β The ratio of melted ice to 
the total ice storage 
volume. 

DCS District cooling system. 

ε The ice melting rate. PTHE Plate-type heat exchangers. 
δ The discharge capacity. PTHE 

(IM) 
Plate-type heat exchangers for 
ice melting.  

systems (DCS) by applying a genetic algorithm (GA) combined with 
local search techniques Chiam et al. (2019). proposed a hierarchical 
design optimization framework for DCS to solve complex mixed integer 
nonlinear programming problems in their research Kang et al. (2019). 
proposed a new optimal design method for the DCSs to improve 
cost-effectiveness and energy efficiency. The developed approach was 
tested in a practical case study at a university campus in Hong Kong. The 
results showed that the optimal design method helped save 9.6% of 
primary energy and significantly reduced operating costs by 44%. Be
sides, a lot of control method research has been conducted for the 
energy-saving improvements of DHCS Chicherin (2020). proposed a 
control approach to monitoring the system substation valves based on 
the ambient temperature profile according to the cooling load prediction 
Gang et al. (2016). proposed a robust optimization control method for 
the DCS to relieve the system performance degradation caused by the 
maintenance failure of components or subsystems Zabala et al. (2020). 
developed a reliable model of a DCS containing compressors chillers and 
absorption chillers for the model predictive control optimization study. 
Simulation results showed that the application of model predictive 
control techniques could save up to 50% of the energy consumption 
compared to the baseline case. 

Moreover, ice storage technology has been emphasized as one of the 
efficient load shifting techniques for the DCS (Kamal et al., 2019). A lot 
of research was carried out in terms of the thermal performance (Song 
et al., 2018a) configuration design (Tam et al., 2019), dispatch opti
mization (Lake et al., 2017), and economic feasibility (Song et al., 
2018b) of the ice storage system integrated DCS (Heine et al., 2021). 
Increasing intelligent control method optimization for the district 

cooling integrated with thermal storage systems has been developed in 
recent research (Zhao et al., 2021). The artificial neural network-based 
model predictive control strategy was proposed by Coccia et al. (2021) 
for the DCS covering an eight-user residential neighborhood with a 
limited reference value for optimal control of the large-scale DCSs 
covering commercial and office buildings due to the entirely different 
building cooling load characteristics Yan et al. (2021). proposed an 
online multi-objective operation optimization strategy for the DCS, 
which took both energy consumption and thermal comfort within 
consideration, while the control strategy of the DSC integrated with 
thermal storage systems was more complicated than the separate DSC 
due to the dynamic cooling supply distribution of the chillers and 
thermal storage systems during time-of-use electricity prices. A neural 
network-based model predictive control strategy of the ice storage DCS 
was developed by Cox et al. (2019). It achieved effective operating 
cost-saving, in which the energy-saving performance of the 
variable-speed water pumps was not fully exploited since they were 
utilized as constant-speed water pumps in the proposed control method. 
However, current studies still pose some limitations for barely consid
ering the complicated dynamic cooling supply distribution scenarios of 
the DCS and the thermal storage systems under different electricity 
tariffs. 

To achieve demand-side management of grid operations (D’Ettorre 
et al., 2019), reduction of end-user energy consumption, and incorpo
ration of renewable energy sources, systems combining heat pumps and 
thermal storage systems are common measures (Liu et al., 2021; Gela
zanskas and Gamage, 2014), where the main control techniques that can 
be used to optimize the operation of energy storage systems in buildings 
include supervisory control, model predictive control (MPC) and ma
chine learning control (Osterman and Stritih, 2021). The optimal control 
strategy has been extensively applied in all these studies (Baeten et al., 
2017; Bechtel et al., 2020; Dar et al., 2014; Schibuola et al., 2015; Viot 
et al., 2018; Fischer et al., 2014) with promising optimization results, 
including optimization of COP for heat pumps (Meng et al., 2021) and 
optimization of thermal storage systems (Alimohammadisagvand et al., 
2016; Arteconi et al., 2013; Fitzpatrick et al., 2020). The developed 
demand response control algorithms are all capable of reducing the 
delivered energy and operation costs compared to the baseline case, 
enabling peak and valley load reduction and flexible operation of the 
grid system. However, these studies mainly focused on the control 
optimization of air-source and ground-source heat pumps. At the same 
time, the water-energy storage and phase change energy storage were 
applied for the energy supply shift and flexible operation. The combi
nations of the ice storage system, water-source heat pump using rich 
river water, and large-scale district cooling system are still to be studied. 
The corresponding optimal control strategy is promisingly proposed for 
energy-saving and cost-saving. 

Integrating low-temperature renewable energy sources such as 
geothermal energy, solar thermal energy, and waste heat into DHCS is 
expected to serve as an effective solution for reducing fossil fuel com
bustion and carbon emissions. At present, there are still some limitations 
of the existing studies on ice storage district cooling systems combined 
with renewable resources. At the same time, most of the current research 
focuses on the design optimization and control strategy of the ice storage 
systems and district cooling systems separately. Moreover, there are 
many practical limitations of single-building cooling load characteristics 
(mainly residential buildings) and failure to fully exploit the energy- 
saving advantages of variable-speed operation control strategies for 
water pumps and refrigerators of large-scale district cooling systems. 
Previous research proposed control strategies involved in the separate 
water temperature or flow rate control while combined water temper
ature and flow rate control have great potential for energy savings or 
operating cost savings (Mazzoni et al., 2021; Dorotić et al., 2019). 
Considering the complexity of the building load supply distribution 
schedule in different electricity price periods (Balboa-Fernández et al., 
2020; Nouidui et al., 2019), how to implement intelligent control 
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optimization strategies to take the best advantage of the renewable 
energy sources and the thermal storage systems for achieving energy 
efficiency and cost-saving of the ice storage coupled with renewable 
energy sources district cooling system is still an urgent problem to be 
solved (Buffa et al., 2019; Sommer et al., 2020). 

In this study, an integrated heat transfer model of the large-scale 
water-source heat pump coupled with an ice storage district cooling 
system was established, and experimental test data verified the accuracy 
of the developed model. Then the intelligent genetic algorithm (GA)- 
based optimal control strategy was proposed to take the most advan
tages of the district cooling system’s water source energy and ice storage 
systems. The control variables and their constraints of the genetic al
gorithm (GA)-based optimal control strategy were identified through the 
comprehensive analysis of the test data. The objective function of the 
GA-based optimization control strategy of the water-source heat pump 
coupled with the ice storage district cooling system was developed by 
minimizing the operating cost per unit of the cooling supply. The eco
nomic and energy performance comparisons of the intelligent GA-based 
optimal control strategy, the ice melting priority strategy, and chiller 
priority were carried out to demonstrate the tremendous economic po
tential of the proposed intelligent control strategy. 

2. Ice storage district cooling system description 

The large-scale district heating and cooling system provided cooling 
and heating capacity for 2.44 million m2 areas of public buildings, 
including office buildings, commercial buildings, hotels, etc., which take 
great advantage of the renewable river water resources and are inte
grated with advanced ice storage technology. A view of the three district 
zones and the location of the DCS is shown in Fig. 1. 

The peak hourly cooling load of DCS was up to 187,516 kW at 15:00 
on a typical summer design day, and the hourly cooling load and the 
load rate on a typical design day are shown in Fig. 2. The load rate was 
higher than 60% during the period of 10:00–18:00 and within the range 
of 35–60% during the periods of 8:00–9:00 and 19:00–21:00, while the 
load rate at other moments was around 10%, which was caused by the 
lower ambient temperature and the absence of solar radiation and oc
cupants at night. The general information of the water-source heat pump 
integrated with the ice storage DSC and main equipment performance 
parameters are presented in Table 1. DCS adopts the combination 
operation of water-source heat pumps (WSHP), dual-mode water-source 

heat pumps (DMHP), and ice storage systems under the summer cooling 
condition. The winter heating conditions are not considered in this 
research since district heating and cooling systems are currently only 
used for summer cooling conditions. 

Based on the design documents of the district cooling system and the 
under-construction and future planning of the area to be served, the 
daily hourly cooling load of the system in summer is calculated. After the 
initial selection of equipment, a better ratio of the ice storage system to 
the total cooling capacity of the system is finally selected according to 
the local power policy and the calculated initial investment, operating 
costs, and considering other factors. Therefore, the DCS is equipped with 
18 cooling pieces of equipment, including 10 WSHPs for base heat load 
and 8 DMHPs, 320 ice storage coils with a total ice storage capacity of 33 
GWh. Besides, 6 sets of plate-type heat exchangers for ice melting (PTHE 
(IM)) and 8 sets of plate-type heat exchangers for cooling (PTHE(COOL)) 
are installed. 

The schematic diagram of the WSHP coupled with the ice storage 
DCS is presented in Fig. 3. The return water from the user side is cooled 
by WSHP and DMHP units first and then further cooled by the ice storage 
system while the chillers cannot afford to the cooling supply at the 
higher cooling load periods. During the night, the separate cooling mode 
of the WSHP is running while automatic loading or unloading of the 
WSHP according to the transient cooling load, and the ice storage mode 
of DMHP is activated at valley electricity price periods. Then a separate 
ice storage system for cooling supply mode runs in the daytime peak 
electricity price periods. At the same time, the WSHP takes priority for 
cooling supply followed by DMHP cooling supply mode in the lower 
electricity price periods of daylight. Based on the hourly forecast cooling 
load, the cooling supply ratio between WSHP/DMHP and the ice storage 
system is determined for more significant economic benefits at different 
electricity price periods. 

3. Methodology 

3.1. Model description 

The simplified multivariate polynomial regression model (SMP 
model) (Wang, 2017) is identified as the mathematical model for 
capturing the dynamic characteristics of the WSHP and DMHP due to the 
incredible accuracy and simplified model configuration. The SMP model 
contains three essential independent variables of the cooling supply of 
the cooling unit Q0, the chilled water supply temperature on the evap
oration side Teo, the cooling water return temperature on the conden
sation side Tci, which is proposed after the multivariate polynomial 
model simplification based on performance parameter identification. 
The eight simplified parameters of the SMP model related to the dy
namic properties of the WSHP and DMHP are obtained as presented in 
Eq. (1), which was proposed by Wang (2017) after simplifying the DOE 
model in Reddy and Andersen (2002). 

COP = a0 + a1⋅Q0 + a2⋅Teo + a3⋅Tci + a4⋅Q0
2 + a5⋅Q0⋅Teo + a6⋅Q0⋅Tci

+ a7⋅Teo⋅Tci (1) 

Applying the test data of the WSHP based on the parameter identi
fication method, the performance curve of the WSHP is obtained as: 

COPWSHP = − 105.97 − 12.989⋅QWSHP − 12.829⋅Teo + 1.11⋅Tci − 1.24

× 10− 6⋅QWSHP
2 + 0.0003⋅QWSHP⋅Teo + 0.48182⋅QWSHP⋅Tci

+ 0.37958⋅Teo⋅Tci (2) 

The relationship between the actual cooling supply QWSHP and the 
power consumption WWSHP of a WSHP unit is described as follows. 

QWSHP = CwMWSHP(Tei − Teo) (3)  

WWSHP =
QWSHP

COPWSHP
(4) 

Fig. 1. A view of the three district zones and the location of the DCS.  
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Similarly, the SMP model is selected as the mathematical model of 
the DMHP unit under the cooling mode, and its performance curve based 
on the parameter identification is identified as follows. 

COPDMHP, COOL = − 45.969 − 9.499⋅QDMHP, COOL − 8.075⋅Tgeo + 0.191⋅Tci

− 3.356 × 10− 6⋅QDMHP, COOL
2 − 2.000⋅QDMHP, COOL⋅Tgeo

+ 0.611⋅QDMHP, COOL⋅Tci + 0.776⋅Tgeo⋅Tci

(5) 

Besides, the actual cooling supply QDMHP, COOL and the power con
sumption WDMHP, COOL of the DMHP unit under cooling mode can be 
obtained. 

QDMHP, COOL = CgMg
(
Tgei − Tgeo

)
(6)  

WDMHP, COOL =
QDMHP, COOL

COPDMHP, COOL
(7) 

The ice storage mode of the DMHP unit is turned on from 23:00 to 
7:00 at night, and the ice storage model of the DMHP unit is described by 
the characteristic curve of COPDMHP, IS on partial load rate PLR, which 
indicates the ratio of the cooling supply to the maximum cooling 

capacity based on the improved DOE-2 model. 

COPDMHP,IS =

{
1.4072 + 6.1532.PLR − 3.0712.PLR2, 0.5 ≤ PLR ≤ 1

1.6178 + 12.687.PLR − 12.175.PLR2, 0.1 ≤ PLR ≤ 0.5
(8)  

QDMHP, IS = CgMg(Tbei − Tbeo) (9)  

WDMHP, IS =
QDMHP, IS

COPDMHP, IS
(10) 

The hydraulic system on the condensation side is running at constant 
frequency to reduce the negative impact on the cooling performance 
caused by the river water flow rate fluctuation. The power consumption 
curves of the water pumps on the condensation side of the WSHP and 
DMHP are obtained as follows. 
⎧
⎨

⎩

Wb = 2.6612 + 3 × 10− 7M3 − 0.0003M2 + 0.1619M
WBS = 27.226 − 2 × 10− 7M3 + 0.0001M2 − 0.0182M

WBQ = 72.017 − 5 × 10− 9M3 + 6 × 10− 6M2 + 0.0292M
(11) 

The DCS adopts the primary-secondary chilled water systems with 
primary water pumps on the WSHP and DMHP side and secondary water 
pumps on the user side since higher water pump pressure will be 
required for the long-distance water transmission and distribution sys
tem. All primary and secondary chilled water heat pumps run under 
variable speed conditions. The head-flowrate characteristic curves for 
water pumps in parallel operation at variable speed ratio k are demon
strated as follows, respectively. And i is the number of water pumps. 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

HB = − 7 × 10− 6(M/i)2
− 0.0002⋅k⋅M

/
i + 18.766⋅k2

HBY = − 6 × 10− 6(M/i)2
− 0.002⋅k⋅M

/
i + 40.363⋅k2

HB1 = 4 × 10− 6(M/i)2
− 0.0062⋅k⋅M

/
i + 25.394⋅k2

HBr = − 8 × 10− 7(M/i)2
− 0.0015⋅k⋅M

/
i + 24.819⋅k2

HB2 = − 3 × 10− 6(M/i)2
− 0.0041⋅k⋅M

/
i + 92.76⋅k2

(12) 

The energy efficiency-flowrate characteristic curves of the water 
pumps in parallel operation at variable speed ratio k are presented as 
follows.   

Fig. 2. . The hourly cooling load and the load rate on a typical design day.  

Table 1. 
General information of water-source heat pump integrated with the ice storage 
DSC and main equipment performance parameters.  

Building 
function 

Office, commercial, hotel, etc. 

Building area 
/m2 

2.44 million 

System type District heating and cooling system integrated with ice storage 
system 

Peak cooling 
load /kW 

187,516 

Main equipment Water-source 
heat pump 

Dual-mode 
heat pump 

Ice storage 
coils 

Heat 
exchanger 

Number 10 8 320 6 8 
Cooling capacity 

/kW 
8400 8545 / 6615 8544 

Ice storage /kW / 5043 / / / 
Ice storage 

capacity 
/GWh 

/ / 33 / /  

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ηB = − 8 × 10− 11 × k− 3 × (M/i)3
− 8 × 10− 7 × k− 2 × (M/i)2

+ 0.0017 × k− 1 × M
/

i

ηBY = 5 × 10− 11 × k− 3 × (M/i)3
− 5 × 10− 7 × k− 2 × (M/i)2

+ 0.0012 × k− 1 × M
/

i

ηB1 = − 1 × 10− 12 × k− 3 × (M/i)3
− 4 × 10− 7 × k− 2 × (M/i)2

+ 0.0012 × k− 1 × M
/

i

ηBr = 2 × 10− 11 × k− 3 × (M/i)3
− 2 × 10− 7 × k− 2 × (M/i)2

+ 0.0008 × k− 1 × M
/

i

ηB2 = 3 × 10− 11 × k− 3 × (M/i)3
− 3 × 10− 7 × k− 2 × (M/i)2

+ 0.0008 × k− 1 × M
/

i

(13)   
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The typical energy efficiency regression curves for motors and in
verters of water pumps are shown as follows (Ashrae, 2018). 

ηm = 0.94187
(
1 − e− 9.04k) (14)  

ηf = 1.2833k − 1.42k2 + 0.5482k3 + 0.5067 (15) 

In turn, the power consumption of each water pump can be obtained 
as follows. 

w =
ρgHM

1000ηηmηf
(16) 

The ice storage system needs to ensure that the water supply tem
perature of the DCS is at the design value of 3 ◦C by adjusting the ice melt 
ratio. The ice storage system can supply cooling steadily and maintain a 
water supply temperature of 0.25 ◦C when the ice melting ratio β (the 
percentage of melted ice to total ice storage) is lower than 65%. The 
water supply temperature rises rapidly with the increase of β, and the 
final water supply temperature reaches 3.1 ◦C while β reaches more than 
80%. The ice storage system in this research can provide a stable water 
supply temperature range between 0.25 and 3.1 ◦C and the water supply 
temperature is close to the water return temperature of up to 3.2 ◦C 
when β exceeds 97.5%. Based on the empirical test data and the per
formance parameter identifications of the ice storage equipment, the 
performance curve of the water supply temperature Tgeo of the ice 
storage system with β can be fitted as follows. 

Tgeo = 0.31048 + 0.00277⋅e6.8936⋅β (17) 

For the sake of model simplification, the average water supply 
temperature of the ice storage system is taken as 1.5 ◦C according to the 
determination criterion for stable heat exchange according to the design 
description of the ice storage coils and the actual operation data. The 
expression of β of the ice storage system versus the time variable t can be 

obtained as follows. 

β = 1.1992 − 1.3176⋅e− 0.11106⋅t (18) 

In turn, the expression for the ice melting rate ε (melted ice volume 
per unit time) can be obtained by deriving the above equation for time. 

ε(β) = dβ/dt = 0.1463 × (1.1992 − β)/1.3176 (19) 

The discharge capacity δ indicated by the adequate cooling supply 
proportion to the maximum cooling capacity provided by the ice storage 
system can be fitted as follows according to the above theoretical 
models. 

δ =
Qcooling

Qice storage
= 96.10% (20)  

3.2. DCS model validation 

The heat transfer model of the WSHP coupled with the ice storage 
DCS was established in the TRNSYS environment, as shown in Fig. 4. The 
heat transfer process and the control system design are relatively more 
complicated because of the large-scale DCS system integrated with 
advanced ice storage systems and renewable river water sources, 
providing a theoretical reference for the control strategy optimization 
study of the ice storage district cooling system applying renewable en
ergy sources. 

The experimental operation data of the DCS on August 11, 2020, was 
selected for model validation. The measurement parameters such as the 
river water supply ambient temperature hourly cooling load were set as 
the boundary conditions of simulation models. The DMHP unit was used 
for ice storage from 00:00 to 7:00, and then the ice storage system was 
applied for cooling supply for daytime. The WHSP was used for sup
plementary cooling supply as the ice storage system during the day. The 
total energy consumption of the DCS included the power consumptions 

Fig. 3. Schematic diagram of the WSHP coupled with ice storage district cooling system.  
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of the DMHP unit, the WSHP unit, and all the primary and secondary 
water pumps. The simulation and experimental results comparisons of 
the power consumption of the DMHP unit, the WSHP unit, the water 
pumps, and the total power consumption of the DCS are shown in Fig. 5. 

The power consumption trends of the main equipment obtained from 
the simulation models were generally consistent with those of the 
experimental measurement results. Overall, the simulated total power 
consumption was slightly lower than the experimental one, caused by 
the heat loss of the water distribution systems and the heat exchange loss 
between experimental components in the practical operation that was 
ignored in the simulation for simplification. The relative error of the 
power consumptions of the DMHP unit, the WHSP unit, and the water 
pumps for 24 h was 9.28% on average between the simulation and 
experimental results, which was less than 10% of the power consump
tion validation standards and criteria (Ciulla and D’Amico, 2019). 
Therefore, the DCS model’s accuracy has been validated and can be 
effectively applied for the following control strategy optimization 
research. 

3.3. Control strategy optimization based on GA 

For the intelligent control strategy optimization of the nonlinear air 
conditioning systems, the commonly used algorithms mainly include 
genetic algorithm (GA), particle swarm algorithm, and simulated 
annealing algorithm. These three main algorithms are highly applicable 
to large-scale nonlinear optimization problems. Genetic algorithm is 
applied chiefly to the global optimization problem because of its 
excellent global search capability. This study will further investigate the 
control strategy optimization of the WSHP coupled with ice storage DCS 
based on GA for reasonable cooling supply distribution and better cost- 
effectiveness. And its energy performance and running cost will be 

compared with the commonly used control strategies under typical 
cooling load conditions. The control strategy optimization of the DCS 
requires the operation scheduling optimization of the WSHP, the DMHP, 
and the ice storage system for reducing operating energy consumption 
compared with the conventional control strategy of DCSs and the overall 
operational cost trade-off combined with the time-of-use tariff policy 
should be taken into serious consideration. 

The DCS has these main operating modes: ice storage mode, the 
WSHP for cooling, the DMHP for cooling, the WSHP and DMHP for 
cooling, the ice storage system for cooling, and the combined cooling 
supply of the WSHP, DMHP, and ice storage system. To minimize the 
overall operating cost of the system, the DCS needs to take the best 
advantage of the electricity prices at peak and valley periods and 
implement the cost-effective cooling supply scenarios of the ice storage 
system as soon as possible while meeting the building’s cooling demand. 
The DCS was running at partial load most of the time, while the practical 
cooling load was generally only about 40% ~ 80% of the design cooling 
load. The proportion of the cooling supply by the ice storage system to 
the total cooling supply of the DCS is defined as the ice melting cooling 
ratio γ demonstrated as follows. Therefore, the control strategy opti
mization of the DCS depends on the optimal schedule of the ice melting 
cooling ratio γ at peak and valley electricity price periods. 

γ =
qDMHP, IS

qt
(21) 

The relationships among the total cooling supply qt, the cooling 
supply of the WSHP unit qWSHP, the cooling supply of the DMHP unit 
qDMHP, and the cooling supply of the ice storage system qDMHP, IS can be 
simplified with the indicators of the ice melting cooling ratio γ and the 
cooling supply proportion θ of the WSHP unit to the total cooling supply 
of the DCS. The two parameters γ and θ are independent of each other. 

Fig. 4. The simulation model of the WSHP coupled with ice storage district cooling system in the TRNSYS environment.  
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⎧
⎨

⎩

qDMHP, IS = qt⋅γ
qWSHP = qt⋅θ
qDMHP, COOL = qt⋅1 − γ − θ

(22) 

The water temperature or flow rate control strategy was primarily 
applied in previous research, while the temperature-flowrate combined 
control strategy can achieve better energy efficiency and economic 
benefits for the DCS. and the parameters of γ, θ will. Therefore, the three 
independent variables of γ, θ, controlled by the variable-speed water 

flowrate control and the water supply temperature Tws of the WSHP and 
DMHP are finally identified as the control variables of the intelligent 
optimal control strategy based on GA for the DCS in this research. Taking 
the peak and valley electric charges in Chongqing as an example 
demonstrated below, the system’s objective function operating cost per 
unit of cooling supply for a single day is established as follows.   

Fig. 5. The simulation and experimental results comparisons of the power consumptions of (a) the DMHP unit, (b) the WSHP unit, (c) the water pumps, and (d) the 
total power consumption of the DCS. 

⎧
⎪⎨

⎪⎩

min(J) =
E
Qt

=

∑23

t=0

{[
WWSHP(t) + WDMHP, COOL(t) + WDMHP, IS(t) + Wp(t)

]
⋅e(t)

}

Qt

S

(23)   
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e(t)= {

0.3466, t = 23 ∼ 6
0.6932, t = 7, 12 ∼ 18

1.0398, t = 8 ∼ 11, 21 ∼ 22
1.1784, t = 19, 20

(24) 

The objective function J represents the operating cost per unit of 
cooling supply, CNY/kWh. E is the operating cost of the DCS for a single 
day, CNY. Qt is the total cooling supply provided by the WSHP, the 
DMHP, and the ice storage system for a single day, kW⋅h. e(t) is the 
electricity price at different periods, CNY/kW⋅h. S is the operating pa
rameters constraints of the DCS. 

The total energy consumption of all the water pumps Wp(t) is 
expressed as. 

Wp(t) = WpB(t) + Wpb(t) + WpBY(t) + WpBS(t) + WpBr(t) + WpB2(t)

+ WpBQ(t) + WpB1(t)
(25) 

Considering the practical cooling demand from the user side, the 
total water supply temperature of the DCS needs to be controlled to be 
4.5 ◦C and 3 ◦C during the ice storage period and the cooling supply 
period, respectively. The total water supply temperature Ttws(t) can be 
summarized below. 

Ttws(t)= {
4.5, t = 23 − 6
3, t = 7 − 23 (26) 

The cooling supply rate PLR of the WSHP and DMHP should be 
ensured to be between 25 and 100% to maintain the stable system 
operation. 

25% ≤ PLR ≤ 100% (27) 

The flow rate of the water pumps should be ensured at more than 
30% of the rated flow rate for avoiding inefficient operation at low 
speed. 

30%mo ≤ m ≤ mo (28) 

Where mo and m are the rated and practical flowrate of water pumps, 
m3/h. 

The total ice storage volume QDMHP,IS, total should not exceed the 
maximum capacity of the ice storage tank QDMHP,IS,max and the daily 
melted ice volume for cooling QIS should be more than 95% of the total 
ice storage volume QDMHP,IS,total for a single day. 

0 ≤ QDMHP,IS,total ≤ QDMHP,IS,max (29)  

QDMHP,IS,total⋅δ⋅95% ≤ QDMHP,IS ≤ QDMHP,IS,total ⋅δ (30) 

The instantaneous cooling supply should be lower than the 
maximum limitation, and ε(β) represents the ice melting ratio. 

qDMHP, ISt ≤ εβ⋅QDMHP,IS,total (31) 

The water supply temperature of the WSHP and DMHP is constrained 
among the below range. 

Tws ∈ (3 ∼ 7)∘C (32) 

The cooling supply balance and the water flowrate balance of the 
DCS should be maintained as the following equations described. mWSHP, 
mDMHP, and mDMHP, IS are the return water flowrates that transfer heat 
with the WSHP, the DMHP, and the ice storage system. 
⎧
⎨

⎩

qt(t) = qWSHP(t) + qDMHP, COOL(t) + qDMHP, IS(t)
0 ≤ γ ≤ 1
0 ≤ θ ≤ 1

(33)  

Qt = QWSHP + QDMHP, COOL + QDMHP, IS

QWSHP =
∑24

t=0
qWSHP(t)

QDMHP, COOL =
∑24

t=0
qDMHP, COOL(t)

QDMHP, IS =
∑24

t=0
qDMHP, IS(t)

(34)  

mt(t) = mWSHP(t) + mDMHP, COOL(t) + mDMHP, IS(t)
0 ≤ mWSHP(t) ≤ mt(t)

0 ≤ mDMHP, COOL(t) ≤ mt(t)
0 ≤ mDMHP, IS(t) ≤ mt(t)

0 ≤ mt(t)

(35) 

The objective function and parameter constraints for the control 
strategy optimization based on GA are introduced above. In this 
research, the population size was set to 3000 to ensure the optimal so
lution’s accuracy. The crossover fraction was set to 0.8, and the 

Fig. 6. The flow chart of the control strategy optimization of the WSHP coupled 
with ice storage district cooling systems based on GA. 
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mutation fraction was set to 0.1. According to the iterative termination 
criteria, the maximum generation number was set to 300. The flowchart 
of the control strategy optimization of the WSHP coupled with ice 
storage district cooling systems based on GA is presented in Fig. 6. The 
ice storage volume is identified according to the forecast cooling load in 
advance. Then the control variables of γ, θ, and Tws of the WSHP and 
DMHP are obtained by minimizing the objective function based on GA. 
And the cooling supply distributions of the WSHP, the DMHP, and the 
ice storage system are identified at different electricity price periods. 
Moreover, the water pumps’ flow rate and variable speed control are 
conducted. The operation numbers and frequency control of the WSHP 
and DMHP units are carried out to supply the demanded cooling. 

4. Results and discussion 

The simulation results of the proposed optimal control strategy based 
on GA, the conventional ice melting priority strategy, and the WSHP 
priority strategy for the DCS were obtained under 80% of the daily 
design cooling load. The ice melting priority strategy means that the 
WSHP and DMHP units are not used for cooling supply until the ice 
storage is exhausted, while the WSHP priority strategy indicates that the 
DMHP units and the ice storage system are not applied for cooling 
supply until the WSHP cannot afford the cooling demand. The three 
control strategies’ energy consumption and operating cost performance 
will be further evaluated and compared. 

According to the GA-based optimal control strategy, the optimized 
water supply temperature setting value of the WSHP and DMHP units 
was determined to be 3.5 ◦C during the non-valley electricity price pe
riods. The cooling supply distribution of the DCS under the GA-based 
optimal control strategy at 80% of the design cooling load is shown in 
Fig. 7(a). The ice storage tank was running at nearly full capacity due to 
the more considerable cooling demand during the valley electricity price 
periods of 23:00–7:00, while two WSHP units carried out the cooling 
supply at night. The DMHP units were turned on into operation for 
cooling supply from 10:00 to 18:00 when the WSHP units and the ice 
storage system could not afford the increased cooling demand. The ice 
storage system was running at nearly the maximum ice melting rate to 
reduce the operating cost in the peak hours of 8:00–12:00. During the 
peak periods of 19:00–23:00, the cooling supply was shared by the ice 
storage system and the WSHP units. Only the ice storage system was 
separately used for cooling supply at 23:00 when the cooling demand 
was lower. The increasing cooling demand led to the more significant 

Fig. 7. The cooling supply distributions of DCS under the GA-based optimal 
control strategy, the ice melting priority control strategy, and the WSHP pri
ority control strategy at about 80% of the design cooling load. (a) GA-based 
optimal control strategy. (b) Ice melting priority. (c) WSHP priority. Fig. 8. The power consumptions of the DCS under the GA-based optimal con

trol strategy, the ice melting priority control strategy, and the WSHP priority 
control strategy at 80% of the design cooling load. 
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stored ice consumption in the daytime, leaving less residual stored ice in 
the ice storage tank for the peak hours at night. 

The cooling supply distributions of the DCS under the ice melting 
priority control strategy and the WSHP priority control strategy at 80% 
of the design cooling load are shown in Fig. 7(b) and (c). The water 
supply temperature of the WSHP and the DMHP unit was set at 4.5 ◦C for 
both control strategies. The DMHP units were turned on for cooling 
supply from noon when the ice storage system was at its maximum ice 
melting rate, and the WSHP units could not afford the cooling demand. 
The ice storage was exhausted at 14:00 under the ice melting priority 
control strategy. Therefore, the cooling supply was shared by the WSHP 
and DMHP units in the subsequent hours. The peak ice melting rate was 
51.0% under the ice melting priority control strategy, while it was 
increased to 63.4% under the GA-based optimal control strategy. The 
WSHP units combined with the DMHP units for cooling supply were 
required most of the time under the WSHP priority strategy due to the 
higher 80% cooling demand. 

The power consumptions of the DCS under the GA-based optimal 
control strategy, the ice melting priority control strategy, and the WSHP 
priority control strategy at 80% of the design cooling load are shown in 
Fig. 8. The GA-based optimal control strategy had the lowest power 
consumption compared with the other control strategy after 15:00. It 
reduced the power consumption by 7.0% compared to the ice melting 
priority control strategy. Overall, the WSHP priority control strategy still 
had the lowest power consumption, followed by the GA-based optimal 
control strategy and the ice melting priority control strategy. The 
operating costs comparison under the GA-based optimal control strat
egy, the ice melting priority control strategy, and the WSHP priority 
control strategy at 80% of the design cooling load is presented in 
Table 2. In terms of the overall daily operating cost, the cost-saving 
percentage of the GA-based optimal control strategy was 8.7 and 9.3% 
compared with the ice melting priority control strategy and the WSHP 
priority control strategy, which demonstrated the excellent cost- 
effective performance of the GA-based optimal control strategy under 
higher cooling demand conditions. 

5. Conclusion 

In this study, a GA-based techno-economic optimal control strategy 
is proposed for a water-source heat pump coupled with an ice storage 
district cooling system which can effectively achieve economic and 
efficient operation. The proposed intelligent control approach applied 
the three independent control variables of the ice melting cooling ratio 
of the ice storage system, the water supply temperature, and the cooling 
supply proportion of the WSHP unit. The control parameters can be 

determined by addressing the minimum solution of the objective func
tion of the operating cost per unit of cooling supply based on the genetic 
algorithm. An integerated heat transfer model of the water-source heat 
pump coupled with the ice storage district cooling system composed of 
10 WSHP units, 8 DMHP units, and the ice storage system with 320 
cooling coils was developed, and experimental test data verified its ac
curacy. The economic and energy performance comparisons of the GA- 
based optimal control strategy, the ice melting priority control strategy, 
and the WSHP priority control strategy were carried out at different 
cooling demand conditions. The WSHP priority control strategy had the 
best power consumption saving potential for the water-source heat 
pump coupled with the ice storage district cooling system compared 
with the other two control strategies. However, the simulation results 
demonstrated that the GA-based optimal control strategy could save 
8.7–9.3% of operating costs compared with the ice melting priority 
control strategy and the WSHP priority control strategy under 80% 
cooling demands while maintaining the comparative energy-saving 
performance, which has confirmed the significant economic benefits 
of the proposed GA-based optimal control strategy for the water-source 
heat pump coupled with ice storage district cooling system. 
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