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Abstract. Seawater and mine pumped storage hydropower (PSH) based on 
variable-speed PSH units are becoming the mainstay of sustainable PSH 
development. These unique operational environments of these PSH offer potential 
complementary scenarios for data center (DC) constrained by energy 
consumption. For instance, Google is actively integrating seawater PSH can be 
integrated with offshore wind power to support the offshore DC that Google is 
actively developing, where seawater cooling utilization can signi�icantly reduce 
energy consumption for cooling. In response to these potential applications, this 
work establishes models for variable-speed PSH units and DCs; then we conduct 
four case studies to preliminarily investigate the feasibility of complementary 
operations between variable-speed PSH and integrated wind and solar power with 
DCs. The results indicate that this emerging operational model can enhance the 
average economic bene�its of the hybrid system by 5.74%, which provide valuable 
insights for the sustainable development of both PSH and DCs. 

1. Introduction 

Pumped storage hydropower (PSH) is recognized as the most technically mature and reliable 
technology for large-scale energy storage, playing a crucial role in ensuring the safety, stability, 
and economic ef�iciency of power systems[1, 2]. From a �lexibility perspective, PSH units can be 
classi�ied into �ixed-speed and variable-speed types, with �ixed-speed PSH being widely 
implemented globally[3]. The primary distinction lies in the ability of variable-speed PSH (VSPSH) 
units to adjust power output during pump conditions �lexibly. In contrast, �ixed-speed units 
operate at a constant power level. 

The increasing demand for �lexibility in power systems, driven by the growing integration of 
variable renewable energy sources such as wind and solar[4, 5], underscores the necessity for 
more adaptable VSPSH units. Concurrently, the sustainable development of PSH is gaining 
attention[6, 7], particularly with innovations like seawater PSH[8] and mine PSH[9]. These 
emerging systems are designed to utilize VSPSH technology. However, current dispatch research 
predominantly focuses on modelling �ixed-speed PSH units[10] and the VSPSH units at the power 
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station level[9]. Consequently, existing studies often overlook the unique characteristics of unit-
level operations, especially the hydraulic characteristics of VSPSH units. 

Additionally, the substantial energy consumption of data centers (DCs) has emerged as a 
signi�icant barrier to the advancement of AI[11]. To mitigate this issue, two primary strategies 
have been identi�ied: (1) reducing energy consumption—exempli�ied by Google's data center in 
Hamina, Finland, which employs seawater cooling to minimize air conditioning needs; and (2) 
DCs geographical adjacent energy sources—illustrated by Baidu's Yangquan DC in Shanxi 
Province, which is a power center for enrichment of abandoned mine. In China, there are a total 
of 238 potential sites along the coastline for developing seawater PSH, with an estimated installed 
capacity of 42.08 GW[12]; the potential for repurposing existing mine sites for mine PSH 
development is approximately 365.5 GW[13] (Fig. 1). Therefore, integrating seawater PSH or 
mine PSH based on VSPSH technology with nearby wind and solar power sources presents a 
promising scenario for the sustainable development of PSH, renewable energy, and DCs. 

To address these emerging application scenarios, we aim to develop models for both VSPHS 
units and DC. Then, we propose a short-term economic dispatch method for the complementary 
operation of the VSPHS-Wind-Solar-DC hybrid system (hereinafter referred to as the hybrid 
system). Finally, we apply this method to a practical engineering case to evaluate its feasibility. 
The structure of this paper is outlined as follows: Section 2 details the proposed method, Section 
3 discusses the results of a case study, and Section 4 summarizes the key conclusions. 

 
Figure.1. Location of seawater and mine PSH (Data sources: Pumped Hydro Energy Storage Atlases) 

2. Method 

2.1 Modelling of VSPSH  
According to the working conditions, the status of VSPHS units includes turbine condition 
(generating), pump condition (pumping), and shutdown. The turbine condition is similar to 
general hydropower unit. The modelling details, such as the constraints, can be seen in the 
author's recent work [14, 15] and will not be repeated here.  

The pump condition is the biggest difference between VPPHS and general �ixed-speed PSH 
units. The modelling of the �ixed-speed unit is relatively simple, because the working condition of 
the pump is �ixed power, which is determined that the pumping power is known by the on-off 
status. For variable-speed units, the approximate relationship between power and speed is shown 
in Eq. (1). The detailed relationship can be obtained by interpolating the pump-turbine 
characteristic curve (Fig.2).  
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 (1) 

where nf and nv denote rated pump-turbine speed and variable-speed of PSH, respectively; Pf and 
Pv denote pumping power of rated power and variable power of PSH, respectively. 

Thus, we introduce three binary variables to represent turbine, pump, and shutdown 
conditions, which are constrained by Eq. (2). The pumping power follows the discharge and 
reservoir constraints presented by Eq. (3-8). Other constraints, including minimum on/off 
duration of units, are shown in Ref. [6, 14]. 

 
Figure.2. Characteristic curves of VSPSH unit (The orange point is the projection of the blue scatter point 

on the xz-plane) 
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2.2 Modelling of DC  
This work simulates a type of centralized DC using concurrent processing instead of simple 
queuing. When the DC receives a network request, it transmits the data load to the control center 
for decision-making. If processed, the data load is assigned to a server; if not, it waits. Besides, a 
large-capacity uninterruptible power supply (UPS) ensures reliability and supports energy 
storage, affecting total energy consumption: 

DC
Bat

rec inv

UPS 1 t
tt

PP P
η η

 
= + 

 
 (9) 

While for the energy consumption of the DC itself ( DC
tP ) is mainly composed of three parts: 

IT equipment, air conditioning refrigeration and network communication equipment: 
IT IT IT

C max s C max(1 )tP r P r r P= + −  (10) 
Air IT

CoP/t tP P β η=  (11) 
Net Net

C maxtP r P=  (12) 
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C , max/t ir L L=  (13) 
Thus, the key is to decide Lt,i. To simulate whether the data load is delayed and processed, we 

introduce binary variables Ui and Jt,i. Ui =0/1 denotes the data load i will/will not be delayed 
processing and Jt,i =1/0 denotes the data load i is/is not in the processing by the server. Further 
we introduce the following constraints, including servers’ content, server resource allocation, 
data load balance (Eq. (14-16)), and executing state (Eq. (17-18)). 

, max

I

t i
i

L L≤∑  (14) 
min max

, , ,t i i t i t i tJ L L J L≤ ≤  (15) 

,

I T I
Data

t i i
i t i

L L=∑∑ ∑  (16) 

,
[ , ]i i i

Data
i t i i

t t t h
L L M U

∈ +

− ≤ ⋅∑  
(17) 

,
[ , ]i i i

Data
i t i i

t t t h
L L m U

∈ +

− ≥ ⋅∑  
(18) 

where Bat
tP   is the battery power of the UPS; ηrec and ηinv denote the ef�iciency of recti�ier and 

inverter; IT
tP , Air

tP  and Net
tP  denote the energy consumption of IT equipment, cooling and network 

communication equipment; IT
maxP  denotes the peak power of computer server; rC and rs denote the 

utilization ratio of computer server and the ratio of server under spare condition to the server’s 
peak power value; Lt,i is the number of computer server of data load i in time t; Lmax is the max 
number of computer server in DC; Net

maxP  is the energy consumption of the network communication 
during peak power period; CoPη  is the cooling ef�iciency of air conditioning, which is related to the 
setting temperature[16]; M and m are the setting parameters based on Big-M method.  

2.3 Short-term economic dispatch model of the hybrid system 
(1) Objective function: Max. bene�it of the hybrid system considering the cost of purchasing and 
the bene�it of selling power, as well as the loss caused by the delay of the data load of DC. This 
work mainly focuses on the day-ahead dispatch process of the hybrid system, thereby ignoring 
the charging and discharging conditions of the UPS (i.e., the battery) because the UPS is used for 
the emergency/burst needs of the DC at the more short-time level. 

,
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(2) Constraints. In addition to the constraints described in Section 2.1, the power balance of 
the hybrid system and the transmission boundary should also be considered in the optimization 
model presented by Eq. (20-21). Other general battery constraints, such as charging power and 
SOC, will not be repeated here because of the limited space. 
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where g
,t uP  and ,

p
t uP denote the generating and pumping power of VSPSH; Trans

tP  is the transmission 

line power; w
tP  and s

tP  denote the wind and solar power; Benchmark
tLoad  is the benchmark load. 
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The proposed method is applied to a planning case in Guangdong, China (Fig. 3). The data of 
VSPSH units and DC come from Ref.[17] and Ref.[18], respectively. Other key parameters are 
shown in Table 1. To evaluate the feasibility and effectiveness of the proposed method, four 
scenarios are analyzed (Table 2). All simulations are implemented on Matlab 2023a and 
corresponding optimization problems are solved by Gurobi. 

 
Figure. 3. Simplified schematic of the hybrid system 

 
Figure. 4. Results of Case 3 

Table 1. Parameters of the VSPSH. 
Parameters Values Units Parameters Values Units 
Installed capacity 20 MW Rated speed of unit 500 r/min 
Rated capacity of unit 10 MW Variable speed range ±8% / 
Maximum pump head 126.5 m Maximum hydraulic head 124.2 m 

Table 2. Scenarios setting. 
Scenarios Type of PSH units Type of DCs 
Benchmark Traditional �ixed-speed PSH units Unable to delay processing data load 
Case 1 VSPSH units Unable to delay processing data load 
Case 2 Traditional �ixed-speed PSH units Considering the delay processing data load 
Case 3 (ideal) VSPSH units Considering the delay processing data load 

The simulation results are presented in Fig.4, Fig.5, and Fig.6. Fig.4 shows the ideal scenario 
of the hybrid system, where all variable constraints are satis�ied. Meanwhile, Fig. 5 presents the 
bene�its of the 4 scenarios, indicating that Case 3 achieves the optimal bene�it of RMB 1.67 × 105 
compared to the other 3 scenarios. This result suggests that VSPSH units operating in 
coordination with �lexible DCs can enhance bene�it by 5.74% averagely. 

 
Figure.5. Economic benefit of scenarios. 

 
Figure.6. Operation details of VSPSH and DC. 

Furthermore, we analyze the impact of the hybrid system between VSPSH units and �lexible 
DCs by examining operational details. From a bene�its perspective, compared to Case 1 and Case 
3, �lexible DCs can improve the hybrid system's bene�its by 4.68%. In contrast, the bene�its can be 

3. Case study 
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increased by 7.05% when comparing Case 2 to Case 3. Thus, the control variable approach allows 
us to tentatively conclude that VSPSH has a more signi�icant impact on the hybrid system. 

Additionally, Fig. 6 reveals that the data loads differ across the 4 scenarios. This variation 
arises because the Benchmark and Case 1 scenarios do not involve data load delay processing, 
whereas Cases 2 and 3 do. Notably, Case 2 experiences more delays than Case 3, as it supplements 
the lack of �lexibility in �ixed-speed PSH units through regulate data loads. On the other hand, 
considering the daily regulation function limits of the relatively small VSPSH, both the initial and 
�inal reservoir levels should be maintained within a speci�ic range. This requirement explains why 
pumping conditions are concentrated during midday hours following turbine operations. 

4. Conclusions 

To address these emerging application scenarios (i.e., VSPSH units coordinates operating with 
wind, solar, and data center), this work build a short-term economic dispatch method for the 
hybrid system and evaluate the feasibility of this potential application scenarios. The main 
conclusions are as follows: (1) Compared with traditional �ixed-speed PSH units and other 
scenarios, the proposed method can enhance the bene�it by 5.74% averagely; (2) Flexible PSH (i.e., 
VSPSH) provides greater hybrid system bene�its than �lexible DCs.  

In total, this work can provide support for the operation and decision-making of these 
emerging sustainable scenarios. However, this work lacks a comprehensive analysis of the 
advantages of the proposed methods, which will be strengthened in the future. 
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