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Abstract: Traditional fixed-speed pumped storage (PS) has been a reliable measure to provide power system 

flexibility. However, the increasing need for flexibility of power systems due to adverse environmental events 

and amplified utilization of renewable sources necessitates the need for modernization of PS units. This paper 

studies the effect of five PS technologies with different operational flexibility in Qinghai Province's energy 

system. Firstly, PS models considering the difference in minimum stable generation & pumping, unit efficiency, 

configurations of turbine & pump are established. Then, the energy mixes, planning capacity, inflow, reservoir 

operation curve and other data are input into the energy system model. Finally, we quantify the effects of 

different PS forms on the energy system based on technical, economic, and emission indicators, also identify the 

optimal PS considering cost preference and emission preference. Results show that the investment costs for 

various pumped storage technologies depend on the motor type and pump capacity. Fixed-speed pump turbine 

technologies have a lower cumulative power variation of up to 11,225 GWh and the largest number of start-ups 

in pumping conditions, at 10,857 times. Increasing operational flexibility stabilizes the reservoir water level, 

and enhancing pump capacity reduces net load fluctuations for ternary PS and variable-speed quaternary PS. 

Improving wind-solar curtailment is limited by pump capacity, generating flexibility, and reservoir water level. 

Systems equipped with fixed-speed PS technologies emit more than carbon emissions other PS technologies. 

Our research outcomes have the potential to provide valuable insights, enabling stakeholders to optimize the 

deployment of pumped storage flexibility in low-carbon energy systems, taking into account the energy mix 

and hydrological conditions that are specific to each region. 

Keywords: pumped storage; system flexibility; variable-speed; pump turbine; energy system. 

1. Introduction 

China has enacted a suite of policies to hasten the transformation of its energy landscape and meet 

ambitious climate change mitigation targets, including "carbon neutrality" objectives (Zhang and Chen ,2021). 

These endeavors have spurred rapid growth in clean, renewable energy facilities driven primarily by wind and 

solar photovoltaic (PV) systems. Projections estimate installed capacities for wind and solar PV to reach 

1440GW and 2160GW, respectively, by 2050, constituting roughly 70% of conntry’s total energy capacity 

(IEA,2021; Li et al.,2021). Nevertheless, such a marked penetration of wind and solar PV may imperil the safety 

and steadiness of the power system, as well as efficient deployment of these resources over various times and 
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spaces (Shair et al.,2021). To address these issues, it is imperative that China pursue the coordinated 

development of flexible energy storage technologies, an important strategic direction for the country's evolving 

energy landscape. 

Pumped storage (PS) technology represents the most extensively developed means of addressing long-term 

storage demands (Sepulveda et al.,2021;.Dongrong et al.,2022) Aggregation of rapid start-up and shutdown, 

coupled with variable output, necessitates seamless switching between pumping and generating phases within 

grid-connected contexts, rendering this technology a pivotal tool in addressing the non-dispatchability and 

intermittency problems inherent in wind and solar energy systems (Cavazzini et al.,2018;.Lai et al.,2019) 

Currently, fixed-speed PS units account for 30,290MW of China's power capacity, or a 1.5% share. Notably, a 

greater proportion of renewable energy connected to the grid, combined with more frequent and severe climatic 

events, have imposed increasingly stringent requirements on the flexibility of the power system (Zhao et 

al.,2023). Driven by this imperative, PS technologies capable of providing frequency and voltage support 

services, as well as exhibiting faster switching times and wider operation ranges under pumping scenarios, have 

increasingly garnered attention (Yang et al.,2018). By applying frequency conversion techniques, grid-

connected units can accommodate rotational speed fluctuation while conducting frequency regulation in the 

pumping state (Valavi et al.,2017). Additionally, a selection of PS technologies (ternary and quaternary) that 

can concurrently generate and pump water present a greater degree of flexibility (Dong et al.,2020). With that 

in mind, exploring the adaptive potential of diverse PS technologies within an evolving energy landscape holds 

significant promise. 

Different PS technologies can have varying operating efficiency, operating range and ramping speed due 

to differences in the generator type, pipeline layout, and impeller structure. Figure 1 displays the layouts, 

operating range, and distribution of efficiency for five PS technologies. 
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 Fig.1 PS layout and characteristic curve. The structural differences between different PS technologies are mainly 

reflected in the generator type, the pump & turbine layout, and the use of frequency conversion technology. The five forms 

of PS technologies in the top figure are (a) variable-speed doubly-fed induction PS unit (VSDFI), (b) Variable-speed full-

size converter PS unit (VSFSC) and (c) fixed-speed PS with pump-turbine unit (FSPT), (d) ternary PS unit (TPS), and (e) 

quaternary PS unit (VSQTPS). 

The considered layouts are: 

• Variable-speed double-fed induction PS (VSDFI) (Fig. 1a): VSDFI use a doubly-fed generator. The 

rotational speed of the unit can vary and thus 1) the generating and pumping hydraulic efficiency can 

be improved under different water heads, 2) the operating range can be enlarged, and 3) the unit can 

participate in grid frequency regulation services under pumping conditions. 

• Variable-speed full-size converter PS (VSFSC) (Fig. 1b): VSFSC use a fully-fed synchronous generator. 

The rotational speed of VSFSC can vary by a greater extent than VSDFI and thus the operating range 

can be enlarged in a greater extent as well.  
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• Fixed-speed PS (FSPT) (Fig. 1c): FSPT are the most widely used PS technologies. The pump-turbine 

is connected to the synchronous generator through the system's shaft. Under pumping conditions, FSPT 

technologies are unable to participate in the frequency regulation service. In addition, optimizing 

impeller design for high efficiency during pumping results in slightly lower generating efficiency than 

that of Francis-turbines with similar capacity. Furthermore, the unique impeller structure leads to 

decreased hydraulic stability during part-load operating conditions, and the minimum operating limit of 

the unit cannot be lower than 35% to 60% of the rated power (Valero et al.,2017). 

• Ternary PS (TPS）(Fig. 1d): TPS consists of two independent hydraulic machines connected to a 

synchronous generator through a single shaft. The turbine and generator are rigidly connected, while 

the pump and shaft system are connected through a clutch. This allows the pump to be decoupled from 

the shaft during generating conditions, while the turbine rotates in air during pumping conditions. 

Simultaneous generating and pumping operation, known as hydraulic short-circuit mode, provides 

flexible output via the control of the guide vane opening of the turbine. The independence of the pump 

and turbine allows for optimizing the design of each component for higher generating and pumping 

efficiency, resulting in an average efficiency of 89.8% in generating and 90% in pumping, as shown in 

tab 1 (Chazarra et al.,2016). Furthermore, the consistency in rotation direction enables the turbine to 

drive the pump, reducing the start-up time required for the unit in pumping mode. 

• Variable-speed quaternary PS (VSQTPS) (Fig. 1e): The main difference between the VSQTPS unit and 

the TPS unit is that the pump and turbine of the separate unit operate completely independently, are 

equipped each with different electrical machines and connected between the reservoirs by different 

pipes. The VSQTPS unit used in this study consists of a Francis turbine and a double-fed induction 

pump (Dong.2019). The power generation efficiency of VSQTPS is 89.8%, and it can run at 50% to 

100% of the rated pumping power. However, VSQTPS technologies require higher equipment costs 

and infrastructure. 

Fixed-speed PS technology for enhancing energy system performance has attracted significant attention as 

the most dependable long-term energy storage option. For example, one study (Zhang et al.,2015) investigated 

the impact of PS integration on reducing wind and solar curtailment in high variable renewable generation 

scenarios. Another study (Zafirakis et al.,2014) quantified the effects of PS setup on carbon emissions in the 

context of an energy transition path, finding that PS played a role in reducing carbon emissions by alleviating 

the peak-shaving stressors on thermal power generation units. Other sources have focused on the smoothing 

effect of the pumping operation on an energy system's net load fluctuation (Zhang et al.,2021;Gao et al.,2018). 

In addition, the effectiveness of PS technology for providing system inertia and frequency regulation services, 

thereby ensuring energy system reliability, has been studied in references (Li et al.,2019;Zhao et al.,2021;Liu et 

al.,2021). However, these sources only deal with fixed-speed PS technology within a specific energy system 

and do not assess the viability of different PS technologies for that system. 

Research on different forms of PS has gradually attracted attention, especially in the evaluation of unit’s 

dynamic operating characteristics at the second-level scale (Xu,et al.,2021). Dynamic models of conventional 

fixed-speed PS technologies and variable-speed PS technologies were established, and their roles in providing 

inertial responses and frequency support to the grid were compared (Dong et al.,2018). Nag et al.(2019) 

examined the capacity of fixed-speed and ternary PS units to provide frequency regulation, highlighting the 

advantages of ternary units when employed in hydraulic short-circuit operating modes. These studies 

investigating the second-level performance of PS technologies provide technical support for further exploring 

PS scheduling strategies at the minute/hour-scale. Specifically, variable-speed PS technologies have been shown 

to improve the variable renewable generation (VRG) penetration levels in regional power grids, reduce the 
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regulatory pressures on coal power peaks (Koritarov et al.,2014), minimize operating costs, and maximize 

market benefits (Teng et al.,2018). Chazarra et al.(2016) compared the maximum theoretical benefits of ternary 

PS units with and without accounting for the short-circuit mode and found the income increase to be 162.3%, 

compared with fixed-speed units. However, Munoz et al.(2019) found that both variable-speed and ternary units 

reduced the operating costs of an isolated system while also increasing carbon emissions. Ruppert et al.(2017) 

characterized the first-ever analysis of the operational ranges and efficiency characteristics of fixed-speed, 

variable-speed, and ternary PS technologies, exploring the benefits of different PS technologies in the power 

market. However, there are two research gaps in the above research. The first gap is the insufficient comparative 

analysis of the technological, cost, and environmental impacts of various PS technologies. Despite the growing 

interest in using PS as a renewable energy source, there is still a significant knowledge gap in this area. A 

comprehensive comparative analysis of different PS technologies would assist in guiding decision-making 

processes for policymakers, investors, and industry professionals, and further support the development of more 

efficient and sustainable PS technologies. The second gap is the inadequate modelling techniques for PS units 

currently available. Existing models oversimplify the complexities of PS unit complexities, failing to account 

for key factors like operating efficiency, minimum stable generation and pumping, switching time, and 

simultaneous pump-turbine operation. Consequently, the accuracy of existing models may be insufficient, thus 

reducing their value as predictive tools for energy systems based on PS. 

Based on the above discussion, the innovations are: 

1.Starting from the technical characteristics of unit flexibility, this study establishes five PS models with 

consideration of the features of different storage technologies comprehensively, including stable power output 

range, unit efficiency, startup time, ramp rate, and provision of backup capacity in the energy system. 

2.in order to quantify the applicability of different storage technologies in the power system, indicators are 

proposed from economic, technical, and environmental perspectives, including system operating costs, number 

of unit startups, cumulative regulating power, and carbon emissions. 

3.different weights are assigned to these indicators based on economic preference and carbon emission 

preference, resulting in comprehensive scores for different storage technologies. These scores provide decision-

makers with multi-dimensional references for consideration. 

This paper is organized as follows: Section 2 (Materials and method) describes the typical flexibility 

characteristics of different PS technologies and how they differ from each other, and introduces the case study, 

data sources, energy system model, indicators. Section 3 quantifies the impact of different PS on economic, 

technological, and carbon emission indicators. Section 4 gives the comprehensive assessment of different PS 

technologies. Section 5 presents the conclusions and discussions.Section 6 discusses the differences between 

pumped hydro storage (PHS) technology and other energy storage options, as well as the limitations of this 

study. 

 

2. Materials and method 

In order to evaluate the specific impact of pumped storage (PS) technology options with varying degrees 

of flexibility on an energy system, the paper focuses on several key aspects. Firstly, the similarities and 

differences across various PS technologies are outlined, taking into account efficiency, operating range, and 

simultaneous operation of pumps and turbines. Secondly, the wind and solar resources, and hydrology 

characteristics of Qinghai Province (QH), as well as the installed capacity and location of the planned PS power 

station, are briefly discussed. Thirdly, the paper describes the modeling of the energy system and different PS 

technologies, along with the necessary data sources required for the model. Lastly, several indicators such as 

system cost, power output variation, start-up number, water level, net load variability, wind-solar curtailment, 
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and carbon emission are given to comprehensively evaluate the impact of PS technologies on the energy system. 

 

2.1 Case description 

The northwest region of China is currently undergoing a transition towards a low-carbon economy 

dominated by renewable energy sources such as wind power and solar photovoltaic (PV) systems (Liu et al., 

2018). However, the absence of any operational pumped storage (PS) unit in the region poses a challenge, 

primarily due to limited water resources. With an annual precipitation of just 464mm, the region has only 33.8% 

of the precipitation available in southeast China, where PS resources are abundant (Qinghai Provincial Bureau 

of Statistics.,2021). The competing needs of downstream irrigation and ecological requirements exacerbate the 

shortfalls in water resources usage for power generation in the northwest. Despite this, wind power and solar 

PV facilities continue to proliferate in the region, with much of the generated electricity intended either for local 

demand or for inter-provincial grid transmission. Integration of a significant amount of PS into the grid is thus 

essential to mitigate variable renewable generation (VRG) fluctuations, while also balancing the imperative of 

using water resources responsibly. In response, China and the QH provincial government are planning to 

develop PS power stations with long-term energy storage in the middle and upper reaches of the Yellow River 

basin. Three PS power stations have been proposed, with their locations and corresponding runoff characteristics 

shown in Fig.2. 

The applicability and effectiveness of PS in QH are inherently limited by the natural conditions in the 

region, underscoring the imperative need for appropriate PS technologies. QH experiences a temperate 

continental climate, where the average annual evaporation rate is nearly two-fold that of precipitation. Moreover, 

the water inflow of QH's operating hydroelectric power stations, along with the planned PS station, as 

components of the Yellow River system, should meet both the demand for electricity generation and 

downstream ecological and irrigation requirements. To this end, we conducted an analysis of the various PS 

technologies proposed for QH's energy system. We evaluated the flexibility parameter of different PS 

technologies, considering eighteen units each for the proposed three pumped storage power stations, as shown 

in tab 1. The VSDFI, VSFSC, and FSPT technologies feature a single unit with a generating and pumping 

capacity of 300 MW. Contrarily, the TPS and VSQTPS technologies allow for the pumping capacity to vary 

between 300 MW, 250 MW, and 200 MW, with a focus on studying the influence of the capacity ratio between 

the turbine and pump on various performance indicators. In recognition of the Francis turbine utilized for TPS 

and VSQTPS, we set the minimum stable output to 45% of the respective rated generating capacity. Further 

information regarding efficiency under generating and pumping conditions is available in references (Chazarra 

et al.,2017) and (Chazarra et al.,2018). It is important to note that the operating efficiency of PS technologies 

varies depending on the operation conditions, including water head and flow rate. For simplicity, this study has 

adopted the rated operating efficiency for the five PS technologies. While this assumption is widely accepted in 

energy system models due to limitations in solution efficiency, it can overestimate the performance of FSPT 

and penalize the performance of variable speed PS (VSDFI and VSFSC). These technologies have the ability 

to maintain high hydraulic efficiency even under non-optimal conditions, due to the possibility of varying the 

rotation speed. 
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Fig.2 (a) Energy mixes and distribution of large-scale hydropower and planned PS stations in QH. Most of the 

hydropower resources are distributed in the Yellow River system in the northeast in QH. Green circles represent the 

planned PS stations with total installed capacity of 5,400 MW.  

Tab.1 Flexibility characteristics of the planned PS technologies 

Technology Name Units G/P capacity (MW) Efficiency in G/P 
Minimum stable 

G/P(%*rated power) 

VSDFI 

Site 1 4 

300/300 0.888/0.87 0.3/0.5 Site 2 6 

Site 3 8 

VSFSC 

Site 1 4 

300/300 0.880/0.87 0.2/0.4 Site 2 6 

Site 3 8 

FSPT 

Site 1 4 

300/300 0.905/0.88 0.37/1 Site 2 6 

Site 3 8 

TPS 

Site 1 4 

300/(300,250,200) 0.925/0.90 0.45/1 Site 2 6 

Site 3 8 

VSQTPS 

Site 1 4 

300/(300,250,200) 0.925 /0.87 0.45/0.5 Site 2 6 

Site 3 8 

Note that the abbreviation “G” refers to generation operation while “P” refers to pumping operation. 

 

2.2 Pumped storage model 

In order to investigate the impact of power system (PS) technologies with varying levels of flexibility 

on the energy system, this section models the PS technologies as shown in Fig 3. In step 1, different PS 

technologies are modeled by setting parameters such as Operation Range, Efficiency, Pump Capacity, and T/P 

Simultaneous Operation. In step 2, the Dispa-set model is solved based on the input data, resulting in the 
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operational outcomes for the entire year. Step 3 involves quantifying and evaluating 6 indicators based on the 

obtained results. 

PS Technology Model Assessment

V-RES Profiles

Demands 

&Transmission

Hydrology 

Profiles

Database and SolverPS Technology Results

Operation Range
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Pump Capacity

T/P Simultaneous 

Operation
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System Cost
Power output 
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Start-up Number Water Level

Direct CO2 from 
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Technology

PS units

coal power units
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Fig.3 Dispa-set model flow chart. 

Dispa-set model serves as a power system unit commitment model, employing mixed-integer programming 

to simulate and evaluate various power generation technologies, particularly in the context of increasing 

penetration of renewable energy sources. Typically, the model undergoes optimization at 1-hour intervals to 

obtain the unit combination results with the lowest economic cost(Quoilin et al.,2017and  Pavicevic et 

al.,2020). Furthermore, the Dispa-set model permits the adjustment of parameters for different generation 

technologies to evaluate their respective contributions to the flexibility of the power system.The technical 

richness of the model can express in detail the operating characteristics of the PS unit and the inherent properties 

of the reservoir, such as the unit generating & pumping efficiency, the minimum start-up time, the unit available 

operating range, the start-up cost, the reservoir capacity, inflow and outflow characteristics. The various types 

of power generation units in the energy system are denoted by the subscript u. In order to show the characteristics 

of different PS technologies, the subscripts r and s represent the reservoir and PS unit, respectively. Therefore, 

s belongs to r, and r belongs to u. This section presents the objective function (Eq.1) and balance constraint 

(Eq.2) of the energy system, and the reserve constraints (Eq.3-8). Some constraints related to PS technologies 

are Eq.(9-20). Please see reference (Quoilinet al.,2017) for other constraints. 

The energy system model takes the minimum system cost as the optimization objective, and the cost items 

include start-up cost, shutdown cost, fixed cost, variable cost, ramp cost, load shedding cost, see appendix tab 

S1 for variable definitions. 

, , ,

, , , ,

,

Min

u i u i u u i

u i u i u i u i

u i

i i

CostStartUp CostShutDown CostFixed Committed

TotalSystemCost CostVariable Power CostRampUp CostRampDown

CostLoadShedding ShedLoad


+ + 
 

= + + + 
 + 


      (1) 

Since the goal of the analysis is to highlight the contribution of the different PS technologies in terms of 

flexibility, environmental sustainability and economic sustainability of the whole energy system, the PS ramp 

up & down costs have been neglected since these are not related to the source consumption (which is freely 

available water) but more to the maintenance costs in a long term scenario. 

The supply & demand balance constraint is: 

, ,
( )

i i u i i u i

u u

Demand Transimission StorageInput ShedLoad Power+ + − =              (2) 

The electricity exchange between QH and other provinces adopts protocol transmission, so a pre-defined hourly 

electricity transmission curve is adopted. Where the StorageInputu,i is the electricity consumed by the storage 
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unit of the energy system. Since PS technology is the only energy storage resource, 

StorageInputu,i=StoragePumpings,i. The subscript i represents ith time interval. 

This paper considers secondary and tertiary reserves in the energy market. Due to the unavailability of 

historical operating data for the reserve units, we assume that the secondary upward reserve demand is a function 

of the maximum expected load for each day. The downward reserve is 50 % of the upward reserve. The tertiary 

upward reserve is the sum of the maximum single-unit capacity in the grid plus 2.5% of the maximum load for 

each day. 

( ) 2

2 ,
10 max 150 150

U i h
h

Demand Demand= + −                    (3) 

2 , 2 ,
0.5

D i U i
Demand Demand=                               (4) 

( )3 ,
max 2.5% max

U i d u
d

Demand Demand PowerCapacity= +                 (5) 

Where subscript U and D represents upward and downward reserve. 

The secondary upward and downward reserves requirements can only be provided by the spinning standby 

unit (hydropower and PS power and coal power). The tertiary reserve can be provided by spinning and non-

spinning standby units. 

,2 , 2 u iU i U

u

Demand Reserve                          (6) 

,2 , 2 u iD i D

u

Demand Reserve                               (7) 

,3 , 3 u iU i U

u

Demand Reserve                               (8) 

The electricity balance equation of the reservoir is 

( )

( )

, , 1 , , ,

1

, , ,

1

= +
Nr

s i r i r i r s i s

s

Nr

r i r s i s

s

StorageCapacity StorageCapacity StorageInflow StoragePumpingCapacityr PumpingEfficiency

StorageOutflow StorageGeneratingCapacity GeneratingEfficiency

−

=

=

+

− −





   (9) 

Where subscript r represents reservoir, r=1, 2, 3. Nr is the number of units in r reservoir, N1=4, 

N2=6, N3=8. 

The reservoir storage capacity for PS power station is constrained by the minimum and maximum available 

storage capacity: 

,r r i r
StorageMinimum StorageCapacity StorageMaximum                  (10) 

The generating or pumping operation is constrained by the remaining available generating & pumping 

capacity of the corresponding reservoir. 

( )

,

, , ,

1

, , r i

Nr

r s i s r i

s

r i r i

StorageGeneratingCapacity GeneratingEfficiency StorageOutflow

Spillage StorageInflow StorageCapacity

=

+

+ − 


           (11) 

( ), , ,

1

, , ,

Nr

r s i s r i

s

r i r i r r i

StoragePumpingCapacity PumpingEfficiency StorageOutflow

Spillage StorageInflow StorageMaximum StorageCapacity

=

−

− +  −


            (12) 

For PS technologies, the hourly power generation is constrained by unit's generating capacity, minimum 

stable generation and efficiency. 
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, ,

, , ,

s i s s i

s i s i s s i

StorageGeneratingCapacity GeneratingEfficiency MinimumStableGenerating Generating

StorageGenerating StorageGeneratingCapacity GeneratingEfficiency Generating 
     (13) 

The pumping amount at a certain hour is determined by the unit's pump capacity, minimum pumping 

operating range and pumping efficiency. 

, ,

, , ,

s i s s s i

s i s i s s i

StoragePumpingCapacity PumpingEfficiency MinimumStablePumping Pumping

StoragePumping StoragePumpingCapacity PumpingEfficiency Pumping 
        (14) 

The binary variables generating and pumping are used to distinguish the generating, standstill, and 

pumping operation of the PS unit. 

To ensure downstream flood protection and irrigation needs, the storage capacity of the reservoir in ith time 

interval must be higher than the pre-defined minimum hourly storage requirement. 

, , ,0 ,

1

,
N

r i r i r r r i

i

StorageCapacity min StorageCurve StorageMaximum StorageCapacity StorageInflows
=

 
 + 

 
    (15) 

Spinning reserves and fast start have made PS a reliable choice in the secondary and tertiary reserve markets. 

Noted that different PS technologies have different upward and downward capabilities when used as secondary 

and tertiary reserves. 

FSPT only provides secondary upward reserve in generating mode, as follows. 

,2 , , ,
( )

s iU s i s s i s i
Reserve StorageGeneratingCapacity GeneratingEfficiency StorageGenerating Generating −   (16) 

VSDFI and VSFSC technologies provide secondary upward reserves under generating and pumping mode. 

,2 , , ,

, ,

( )

( )

s iU s i s s i s i

s i s s i

Reserve StorageGeneratingCapacity GeneratingEfficiency StorageGenerating Generating

StoragePumping MinimumStablePumping Pumping

 −

+ −
  (17) 

A TPS can only provide upward secondary reserve as: 1) With only the turbine on: by increasing output 

power from actual generation to maximum generation capacity. 2) With both the turbine and pump on: by 

increasing the turbine’s power from actual power to the maximum one. Therefore, the secondary upward reserve 

constraint for a TPS unit is Eq.16. 

The VSQTPS can provide upward spinning reserve as follows: 1) With only the turbine on: by increasing 

output power from actual generation to maximum generation capacity. 2) With only the pump on: by decreasing 

input power from actual consumption to minimum stable consumption. 3) With both the turbine and pump on 

by a combination of the two previous control actions. Therefore, the secondary upward reserve constraint for a 

VSQTPS unit is Eq.17. Unlike VSDFI and VSFSC, VSQTPS can generate and pump at the same time, that is, 

Generating=Pumping=1. 

The secondary downward reserve for FSPT and TPS technologies is 

,2 , ,
( )

s iD s i s s i
Reserve StorageGenerating MinimumStableGenerating Generating −          (18) 

VSDFI, VSFSC and VSQTPS technologies can provide secondary downward reserves in both generating 

and pumping mode. And for VSQTPS, Generating and Pumping can be 1 at the same time. 

( )
,2 , , ,

, , ,

( )
s iD s i s i s i

s i s s i s i

Reserve StorageGenerating MinimumStableGenerating Generating

StoragePumpingCapacity PumpingEfficiency StoragePumping Pumping

 −

+ −
       (19) 

This paper only considers the tertiary upward reserves, provided by both the spinning unit and the fast-start 

unit (which can achieve a cold start within 15 minutes). The five types PS unit are capable of operation switching 
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between generating and pumping within 15 minutes. Therefore, the five types of PS unit have the same tertiary 

upward capacity constraint: 

( )
,3 , , ,

, , ,

( )

1

s iU s i s s i s i

s s s i s i s i

Reserve StorageGeneratingCapacity GeneratingEfficiency StorageGenerating Generating

StorageGeneratingCapacity GeneratingEfficiency Generating StoragePumping Pumping

 −

− − +
   (20) 

The modeling work of this study is completed based on the upper-bound conditions. The reliability of this 

model has been validated in literature （Li and Zhao et al.,2023）. Fang et al. (2021) conducted a sensitivity 

analysis on wind farm and CSP plant capacities, exploring their influence on total revenue in a coordinated 

wind-CSP system. This analysis provided valuable insights for system configuration decision-making. 

Sensitivity analysis is crucial for identifying influential factors in research outcomes. However, our study 

primarily focuses on comparing different pumped storage technologies based on stable real-world engineering 

cases, and hence, sensitivity analysis was not performed. Based on 2020 provincial load data (see 

Supplementary Information), a 1.5% annual growth rate is used to represent load demand in 2030 (Zhang et 

al.,2020). The projected installed capacity for different energy sources in 2030 are wind power of 13,000MW, 

solar PV of 39,000MW, PS power of 5,400MW, run-of-river power of 836MW, hydropower of 14265MW, coal 

power of 6,200MW (Qinghai Provincial People's Government,2021). The hourly outputs of wind and solar 

energy are taken from https://www.renewables.ninja/, using the current 80m high-altitude wind speed of the 

five major wind farms in QH, and the solar radiation data of the two major PV farms, see Supplementary 

Information. We considered 13 hydropower stations with dams in QH, and divided them into regulating 

reservoirs and run-of-river reservoirs according to storage capacity, installed capacity, and the reservoirs 

function, see Supplementary Information (Large dam safety supervision center) The output of ROR hydropower 

is only related to the inflow, while the output of regulating hydropower is affected by the reservoir scheduling 

rules and the operating characteristics of the unit. The reservoir operation rules used in this study are shown in 

Fig. 4(a), which is lowered to the dead water level in August to ensure production safety during the flood season. 

Since the inter-provincial electricity transaction is not considered, the pre-defined hourly electricity 

transmission curve is adopted. According to the construction of power transmission lines in QH, assuming that 

the total external power transmission in 2030 is 108,000GWh, the pre-defined hourly electricity transmission 

curve is shown in Fig. 4(b).  
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Fig.4 (a) Reservoir operation curve. The y-axis is the relative water level with the dead water level as the 

lower limit and the normal water level as the upper limit, see appendix Fig. S1 for water level classification. In 

August, the water level was lowered to near the dead water level to prevent floods. (b) The pre-defined hourly 

electricity transmission curve in a typical day in QH. 

2.3 Indicators 

To quantify the impact of different PS technologies on the energy system, the following indicators are 

proposed in consideration of economics, technology and carbon emissions. 

System Cost 

System cost consists of the investment cost of PS power station and system operation cost. Investment 

costs are strongly site-dependent. Previous researches have estimated the investment cost of FSPT, indicating 

that the investment cost depends on whether the PS power station uses an existing reservoir or increases the 

installed capacity. Considering that the three PS power stations in this study require new pipelines, pump-turbine 

and upper and lower reservoirs, the investment cost of using FSPT is 27.929 M¥/MW as the baseline (Chazarra 

et al.,2018). The TPS, VSDFI, and VSFSC will incur additional investment cost of 32%, 7%, and 15% compared 

to FSPT (Botterud et al.,2014). The cost of VSQTPS is calculated from the cost of the mechanical parts. 

Specifically, it is first assumed that the mechanical part cost accounts for 33% of the total investment cost 

(IRENA,2021).The mechanical part of TPS300 is composed of a synchronous generator, a pump and a turbine, 

with corresponding cost ratios are 1/5, 2/5 and 2/5, respectively. So the cost of the synchronous generator is 

729.952 M¥/MW. The cost of variable-speed generator is 60% higher than that of fixed-speed generator, which 

is 1167.924 M¥/MW(IRENA ,2021). Therefore, the cost of VSQTPS300 equipped with 300MW-pump is 

262,782.8 M¥/MW, 74.2% higher than that of FSPT. The pump cost for TPS and VSQTPS unit is determined 

by the capacity, and thus the cost of the 250MW and 200MW-pump are 1,216.587 M¥/MW and 973.269 

M¥/MW, respectively. From this, the cost of TPS and VSQTPS technologies equipped with 200MW and 

250MW can be calculated. 

Operation costs include start-up cost, shutdown cost, fixed cost, ramping cost, and load shedding cost, see 

Eq.1. The fixed cost depends on whether the unit is on or off, and the variable cost is related to the unit output 

level. 

 

Cumulative power output variation 

The increase in the penetration rate of wind and solar energy may increase the output variation of PS. The 

unit output variation within two adjacent hours is defined as the power output variation. Noted that a greater 

cumulative power output variation will reduce the unit remaining life (Xie et al.,2021). 

, 1, , 1,

, ,

i s i s i s i s

i s i s

CumulativePowerOutputVariation Power Power StoragePumping StoragePumping
− −

= − + −    (21) 

Start-ups 

When faced with a greater demand for power system flexibility, PS technologies are frequently start up and 

shut down to maintain supply and demand balance. Therefore, the number of start-ups under pumping and 

generating conditions throughout the year is different for PS technologies with different operational flexibility. 

( )
( )

1,, ,

,

, 1, ,

1 1

0 1

i Si S i S

i u

i S i S i S

if StorageGenerating StorageGenerating StorageGenerating
StartUpNumberTurbine

if StorageGenerating StorageGenerating StorageGenerating

−

−

 − =
 =
 −  

  

(22) 

( )

( )

, 1, ,

,

, 1, ,

1 1

0 1

i s i s i s

i s

i s i s i s

if StoragePumping StoragePumping StoragePumping
StartUpNumberPump

if StoragePumping StoragePumping StoragePumping

−

−

 − =
 =
 −  

   (23) 
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Water level fluctuation rate 

The generating and pumping of PS technologies will cause frequent fluctuations in the water level of 

reservoir.  Here, the fluctuation rate of the reservoir water level in the adjacent two hours is used to illustrate 

the fluctuation degree of the reservoir water level under different PS technologies. 

( )
( )

1, ,

,

1

1

i s i s

i s

s

StorageLevel StorageLevel
Rate

StorageMaximum i i

+
−

=
+ −

                    (24) 

Net load variability 

PS is an effective resource to smooth out the hourly-scale net load volatility caused by the increase of wind 

and solar penetration in large-scale power systems. Net load is defined as the initial load minus the output of 

non-dispatchable energy sources, i.e. (wind power, solar power, and ROR hydropower), as in Eq. (25) (Olauson 

et al.,2016). This study treats the electricity transmission between provinces as a protocol transmission, that is, 

transmission electricity as part of the load.  

,

, ,

i i i u i u

u

u i u u i u

u u

NetLoad Demand Transmission WindCapacity WindFactor

SolarCapacity SolarFactor RORCapacity RORFactor

= + − 

−  − 



 
          (25) 

The variable coefficient (VC) is used to describe the variability of the netload because VC is a normalized 

measure that describes the degree of dispersion of the data, which can eliminate the influence of amplitude 

differences. 

( )
8760 2

1

1 8760*
i

i

VC NetLoad NetLoad NetLoad
=

= −                    (26) 

The participation of PS in power regulation changes the netload curve. Therefore, in order to quantify the 

effect of PS in smoothing the netload, the VC of the netload curve after the net output of PS is considered. 

( ) i i ii
NetLoad G P NetLoad StorageGenerating StoragePumping+ = − +            (27) 

( ) ( ) ( )( ) ( )
8760 2

1

1 8760*
i

i

VC G P NetLoad G P NetLoad G P NetLoad G P
=

+ = + − + +      (28) 

Wind-solar curtailment 

Due to the seasonal characteristics of wind and solar resources in QH, the monthly wind-solar curtailment 

is used to evaluate the effect of PS on improving the utilization rate of wind and solar energy. The subscript m 

represents the corresponding month. 

, , ,

, , ,

m m u m u m u

u u u

m u m u m u m m

u u u

Curtialment PowerHydro PowerPumpedStorage PowerCoal

PowerWind PowerSolar PowerROR Demand Transmission

= + +

+ + + − −

  

  
     (29) 

Carbon emission 

It should be noted that our analysis solely considers the direct CO2 emissions from coal power plants, and 

other important environmental impacts and potential emissions from the broader energy system are not currently 

accounted for in this study.The carbon emissions of the power system equipped with different energy storage 

units are determined by the output levels of coal power. Here, the emission intensity coefficient =1.02kg.MW-

1.h-1 is adopted to establish the relationship between coal power output and emissions (Pavicevic et al.,2019). 

,

,

*
i u

i u

Emission PowerCoal EmissionCoefficient=                    (30) 

3. Results 

To study the impact of different PS technologies on regional energy system, the difference of unit output 
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caused by the unique technical characteristics of PS is revealed by the scatter chart shown in Fig.5. 

 

 

Fig.5 Output of PS technologies with different flexibility characteristics. 

From left to right, Fig. 5 shows the optimized output of VSDFI, VSFSC, FSPT, TPS and VSQTPS 

technologies. The unit output is positive under the generating condition and negative under the pumping 

condition, indicating that the power is absorbed from the grid. 

The characteristics of PS technologies lead to various output. The output of FSPT under pumping 

conditions is a constant value with -264MW. This is because FSPT using synchronous motors can only pump 

water at rated power. For VSDFI and VSFSC, pumping power is variable thanks to the possibility of varying 

the rotational speed of the pump-turbine. Among them, VSFSC can adapt to a wider range of power regulation 

in both generating and pumping conditions. It is worth pointing out that the output of the separate technologies 

(TPS and VSQTPS) is distributed outside the operating range of the unit, which indicates that the unit is 

generating and pumping at the same time. Among them, the output range of the VSQTPS unit is distributed 

between [-264MW, 269MW], indicating that the pumping operation flexibility combined with the separate unit 

effectively activates the generating operation flexibility. 

In addition, although the rated installed capacity of each unit is 300MW, the efficiency characteristics 

determine the difference in the output upper limit. For example, the output upper limit of VSFSC unit is 264MW, 

while that of FSPT unit is 271.5MW.Therefore, we can conclude that due to the technical characteristics, the 

output range and output size of the unit for various PS technologies show significant differences. In the 

following part, economic, technical and emission indicators will be used to further reveal the impact of different 

PS technologies on the energy system. 

3.1 system cost 

According to the cost definition in section 2.4, the investment cost and operation cost for different PS 

technologies are shown in tab.2. 

Tab.2 System cost (million RMB) 

Technology Investment cost Operation cost 

VSDFI 161,373.8 1,827,837 

VSFSC 173,439.1 1,837,821 

FSPT 150,816.6 1,833,418 

TPS 200 172,534.2 1,836,320 

TPS 250 185,806.1 1,805,322 

TPS 300 199,078.0 1,777,924 

VSQTPS 200 236,239.1 1,844,722 

VSQTPS 250 249,511.0 1,811,523 

VSQTPS 300 262,782.8 1,780,166 

The investment costs for different PS technologies from high to low are VSQTPS, TPS, VSFSC, VSDFI 

and FSPT. The difference between them is mainly due to the composition of the mechanical parts, such as the 
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motor type and the pump capacity. The operation cost difference between VSDFI, FSPT and VSFSC is around 

10,000 million RMB. The operation cost of the separate technologies (TPS and VSQTPS) are relatively low. 

And the smaller the pump capacity of TPS and VSQTPS, the higher the operation cost. 

3.2 power output variation 

 

 

Fig.6 Hourly power output variation distribution and cumulative annual power output variation. 

The Fig 6 above compares the cumulative power output variation distribution of 18 units under different 

PS technologies, and the figure below shows the cumulative annual power output variation. Through the hourly 

power output variation distribution, we observe that the high flexible PS unit has more occurrences at low-

power variation and fewer at high-power variation. As shown in Fig.6(a), when the hourly power variation is 

lower than 2500MW, the corresponding power variation numbers of variable-speed technologies (VSDFI and 

VSFSC) are higher than that of FSPT. And when it is higher than 2500MW, the corresponding numbers are 

lower than that of FSPT. It means that the variable-speed technologies change the output under the pumping 

condition, instead of directly shutting down from the rated pumping power. The low-power variation of 

VSQTPS unit has the lowest number of occurrences due to simultaneous generating and pumping, and power 

regulation can be performed at pumping conditions. From the cumulative power variation curve, the wider the 

unit effective operational range, the smaller the cumulative power variation. Therefore, the cumulative power 

variation of variable-speed technologies (VSDFI and VSFSC) is much lower than that of FSPT with highest 

value 11,225GWh. The cumulative power variation of TPS and VSQTPS with large-capacity pumps is higher 

than that with small-capacity pumps. 

3.3 start-ups 

As the dispatchable energy sources, PS units are frequently started up and shut down to maintain supply 

and demand balance. 
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Fig.7 Cumulative annual start-ups under generating & pumping conditions for 18 units. 

The cumulative annual start-ups of different PS technologies are shown in Fig.7. The start-ups of FSPT is 

the largest in pumping conditions, which is 10,857, 51% higher than that of TPS300 unit. In generating condition, 

the TPS200 unit's 12,396 start-ups are 29% higher than the lowest VSFSC. It is worth pointing out that the 

pumping start-ups of TPS and VSQTPS are much lower than generating start-ups. And with the increase of the 

pump capacity, the start-ups under both generating and pumping conditions decrease. For a single hydro-unit, 

frequent start-ups and power output variation may cause the unit to operate under non-optimal, turbulent 

conditions, reducing guide vane, impeller and shafting life (Xie et al.,2021). 

3.4 water level fluctuation rate 

The amount of water available for power generation in the reservoir at any time restrains the output level 

of PS unit. These three PS reservoirs adopt the same annual operation curve as hydropower (see Fig. 4(a)), but 

the fluctuation of reservoir water level is different in the optimization process due to the various power 

generation cost and the technical characteristics of PS unit. Fig. 8 compares the monthly fluctuation of reservoir 

water level for five PS technologies. The water level trend of TPS and VSQTPS with 250MW and 200MW-

pump is not shown in the figure. 
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Fig.8 Distribution of hourly fluctuation rate of reservoir water level. 

According to Eq. (24), the fluctuation rate 0 means that the water level does not change in adjacent time 

periods. If it is greater than 0, it means that water level in the next period is higher than that in the previous 

period, which may be due to the water level rising caused by the pumping and the natural inflow into upstream 

reservoir. The fluctuation in July and August are relatively stable. This is because the larger runoff in July and 

August during the flood season offsets the power generation, and the water level is always kept at a high level. 

If the fluctuation rate is less than 0, it means that the generation is greater than the sum of pumping and 

inflow during this period. For example, in January, February, March, and December, the median lines of TPS 

and VSQTPS unit is close to 0, indicating that the water level are relatively stable. However, the fluctuation 

range of the FSPT, VSDFI and VSFSC are large, and the median lines are lower than 0, indicating that the 

hourly power generation is greater than the pumping. 

In addition, the width of the upper and lower quartile lines of the box also illustrates the effect of unit 

flexibility on the water level. For example, in January, the water level fluctuation stability is VSQTPS, TPS, 

VSFSC, VSFSC and FSPT. Therefore, we can conclude that the increased unit flexibility helps to maintain the 

water level stability. 

3.5 Net load fluctuation 

The net load curve reflects the flexible demand characteristics of the energy system, as shown in Eq. (26). 

As the most flexible resource for long-term energy storage, the PS unit can provide upward and downward 

flexibility requirements through pumping and generating modes. Fig.9 shows net load fluctuation curve on 

typical days (05.11-05.13) and VSDFI output. According to the definition of net load in Eq.(26), the black line 

represents the initial net load curve. Blue line indicates the net load curve after subtracting the generating of PS, 

and red line indicates the net load after subtracting the generating and pumping of PS unit. Accordingly, there 
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are four relations between net load and output of PS unit. Therefore, area D indicates that PS only generates 

electricity and area B only pumps water. Area A and C indicate that both pumping and generating units exist in 

the system. When generating more than pumping, the red line is lower than the black line (area A), generating 

less than pumping, and the red line is higher than the black line (area D). The reason for these two situations is 

that some units are used to generate electricity while others need to pump water to meet water level constraints. 

Next, the net load related indicators are used to illustrate the effect of different PS technologies on the system 

net load fluctuation, as shown in tab.3. 

Upward flexibility 

demand

Downward flexibility 

demand

A C
D

B

 
Fig.9 Net load fluctuation of QH energy system. 

 Tab.3 system net load fluctuation considering different PS technologies.  

 

From tab.3, it can be seen that FSPT has higher electricity generated and pumped than other PS, which 

proves that the reservoir water level fluctuation of FSPT is more severe.  

The net load indicators show that the system using FSPT has the lowest average net load, which is 

9,055MW (G+P). The variation coefficient (VC) is used to reflect the smoothness of the net load after the supply 

and demand balance provided by PS. The FSPT show the better smoothing effect on the net load, with the VC 

of 0.727. While the VC with TPS200 and VSQTPS200 are all higher than the initial net load VC (0.781), 

indicating that these two PS technologies have a negative effect on the net load fluctuation. We also find that 

the increase of pump capacity of TPS and VSQTPS can effectively reduce the net load fluctuation. 

 

3.6 wind-solar curtailment 

The available output of wind and solar PV exceeds the load demand necessitating the shutdown of some 

units, resulting in wind-solar curtailment. According to official statistics from 

http://tjj.qinghai.gov.cn/tjData/qhtjnj/, the amounts of wind and solar curtailment in QH are as high as 4.7% and 

7.0% in 2020. PS technologies can store excess wind energy to upstream reservoirs by pumping water, which 

makes pumped hydro storage most attractive in QH. Fig.10 shows the relationship between the amount of wind-

VSDFI VSFSC FSPT TPS 200 TPS 250 TPS 300 VSQTPS 200 VSQTPS 250 VSQTPS 300

Generating 22865679 22277623 24363734 21956117 22469239 22891679 21717690 22218932 22592653

Pumping 7563282 7105606 9684840 5059620 5771025 6456780 4803594 5440114 5952858

Average generating 2610 2543 2781 2506 2565 2613 2479 2536 2579

Average pumping 863 811 1106 578 659 737 548 621 680

Average netload 10985 10985 10985 10985 10985 10985 10985 10985 10985

Average netload (G+P) 9239 9254 9310 9057 9080 9110 9055 9070 9086

VC (netload) 0.781 0.781 0.781 0.781 0.781 0.781 0.781 0.781 0.781

VC (netload G+P) 0.746 0.744 0.727 0.782 0.769 0.756 0.783 0.77 0.76

Note that the abbreviation  “G” refers to generation while “P” refers to pumping operation.Jo
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solar curtailment and the amount of pumping in each month. 

 

(a) (b)

(c) (d)

 

Fig.10 Monthly wind-solar curtailment and pumping 

In each month, FSPT has a largest monthly pumping and VSQTPS has the smallest monthly pumping. 

Correspondingly, the curtailment of wind and solar of FSPT is usually lower than that of other technologies, 

while that of VSQTPS is higher than that of other technologies. This indicates that in addition to the pumping 

capacity, the improvement of curtailment is also limited by the unit generating flexibility and the reservoir level. 

For TPS and VSQTPS unit, the increased pump capacity produces higher pumping. Under the same pump 

capacity, the pumping of TPS is generally higher than that of VSQTPS. And the curtailment of TPS is lower 

than that of VSQTPS. The above phenomenon are exceptional in August to October during the flood season, 

indicating that in addition to the pumping capacity, the improvement of curtailment is also limited by the unit 

generating flexibility and the reservoir level.` 

3.7 carbon emissions 

Carbon emissions are determined by the level of coal power output. A constant carbon emission intensity 

coefficient of 1.02kg.mw-1.h-1 is used to correlate coal power output and emissions. The system carbon emissions 

corresponding to different PS technologies are shown in tab.4. 

Tab.4 System carbon emissions 

 Technology Emissions (million kg) 

VSDFI 39.88 

VSFSC 39.93 

FSPT 40.18 

TPS 200 39.69 

TPS 250 39.84 

TPS 300 39.95 

VSQTPS 200 39.67 

VSQTPS 250 39.77 

VSQTPS 300 39.71 

The emissions of the system equipped with FSPT is higher than that of VSDFI and VSFSC, and the 

emission increase with the pumping flexibility. For TPS, the increase of pump capacity increases coal power 
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output, thus increasing emissions. We can conclude that the technical characteristics (minimum stable 

generation & pumping, pump capacity) for different PS units change the unit combination of energy system, 

and then have a certain degree of impact on coal power output and emissions. 

4. Comprehensive assessment 

The preceding analysis on the impact of different technologies on a single indicator demonstrates that the 

output of PS is influenced by its technical characteristics, leading to changes in the output from other energy 

sources. To facilitate more informed decision-making, this section adopts the weighted sum method (WSM) to 

comprehensively evaluate the performance of PS technologies by considering seven indicators. The weighted 

sum method simplifies a multi-objective optimization problem by assigning weights to different objectives, 

allowing for a trade-off between competing objectives (Chaagas et al., 2022). Morita et al. (2022) applied a 

weighted-sum approach to assign distinct weights to cost, emissions, and social impact objective functions in 

their energy planning model. This enabled the prioritization of various energy policies based on their importance. 

Similarly, Zhang et al. (2023) employed a weighted-sum multi-objective method to analyze the outcomes of 

their hydrogen-based multi-carrier energy system model. Their objective was to obtain optimal indicators for 

both environmental and economic aspects through this analysis. Better performance in eight indicators (low 

investment cost, low operation cost, low cumulative power output variation, less start-ups, low water level 

fluctuation, low netload fluctuation, less power curtailment, and less emissions) means a high score. 

First, the weights of eight indicators are set according to cost preference and carbon emission preference. 

Because more authoritative decision makers directly focus on the total system operating cost. And energy policy 

under the dual carbon goal emphasizes reducing carbon emissions from the energy system. In this context, under 

cost preference, the cost indicators are set to a 20% weight, and other indicators a 10% weight. Under the carbon 

emission preference, the emission indicator is set at 40% weight, other incdicators a 10% weight. 

Secondly, based on the principle of equal distribution (eight indicators have the same weight), cost 

preference, and emission preference as the boundary, it is further divided into 3 weighted scenarios to explore 

the stability of the scores of the different PS technologies. The corresponding scenarios and weight settings are 

shown in Tab 5. 

Tab.5 Weight settings in scenarios of cost preference and emission preference  

 Cost preference Emission preference 

 

Cost 

preference 

(20%) 

Cost 

preference 

(16.25%) 

No 

preference 

(12.5%) 

Emission 

preference 

(40%) 

Emission 

preference 

(21.25%) 

No 

preference 

(12.5%) 

Investment cost 20 16.25 12.5 10 11.25 12.5 

Operation cost 20 16.25 12.5 10 11.25 12.5 

Power variation 10 11.25 12.5 10 11.25 12.5 

Start-ups 10 11.25 12.5 10 11.25 12.5 

Water level 10 11.25 12.5 10 11.25 12.5 

Netload 10 11.25 12.5 10 11.25 12.5 

Curtailment 10 11.25 12.5 10 11.25 12.5 

Emissions 10 11.25 12.5 40 21.25 12.5 

 

Finally, we take Eq.(31) to calculate the score of each indicator. When multiplied by the weighting value 

of each indicator p in each scenario from table.5, the indicator will be distributed between 0 to weighting values. 

And the final comprehensive score for different PS technologies can be seen in Fig.11. 
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,max

,max ,min

1
p p

p p

p p

indicator indicator
Score weighting

indicator indicator

 −
= −  − 

                   (31) 

 

 

Fig.11 Comprehensive assessment for various PS technologies 

 

From Fig.11, the total scores of the various PS technologies in the cost preference and emission preference 

scenarios are shown in Fig. 11(a) and (c). In cost preference, the TPS300 performed the best. While in emission 

preference, VSQTPS300 performed the best. In both cases, the FSPT performed the worst. 

Specifically, in the cost preference (20%) from Fig. 11(a), the best performance of TPS300 scores 64.9 and 

its total score is not significantly changed as the cost weighting decreases from 20% to 12.5%. This is because 

the indicators of the TPS300 are relatively balanced. When guided by cost preference, the score of The FSPT 

increases with the increase of cost weight. Even so, it still cannot make up for the loss of scores by other 

indicators such as emission, water level, power variation, start-ups. From Fig. 11(c), the best performance score 

of VSQTPS300 is 77.4 in the Emission preference (40%) scenario. This is because TPS300 has a higher 

emission score, although it has the lowest investment cost score, as shown in Fig. 11(d). In addition, the TPS300 

scores show high stability when the emission weights are decreased, while the scores of other PS technologies 

vary widely. For detailed PS technologies scores, see Supplementary Informations. Overall, the any PS unit 

have their own advantages and disadvantages, which shows that the determination of indicators and the 

reasonable distribution of weights are of great significance. 

5. Conclusion  

This study seeks to examine the suitability of five distinct pumped storage (PS) technologies, namely FSPT, 

VSFSC, VSDFI, TPS, and VSQTPS, with varying operational flexibility in the Qinghai (QH) energy system. 

Specifically, we established different PS models based on technical specifications, including minimum stable 

generation and pumping, unit efficiency, start-up time, and simultaneous generating and pumping. The models 

incorporated data such as the energy mix of QH, the planned PS capacities, the hydropower reservoirs' operation 

curve and inflow rate, and other pertinent information to create a Dispa-set model of the QH energy system. 
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Finally, we assessed the impact of the different planned PS stations on the energy system based on technical, 

economic, and emission indicators. 

In light of our findings, we can infer that there is no single optimal PS technology that can efficiently meet 

all the required indicators in the current situation of the Qinghai (QH) energy system. Different PS technologies 

exhibit pronounced differences in the corresponding indicators. Specifically: 

• In terms of economic factors, differences in investment costs for different PS technologies can 

mainly be attributed to the composition of mechanical parts, such as motor type and pump capacity. 

The operation cost of TPS and VSQTPS technologies are relatively low, and the operation cost of 

TPS and VSQTPS decreases as the pump capacity increases. 

• Technically: 

o Through the hourly power output variation distribution, we observe that the high flexible PS 

unit has more occurrences at low-power variation and fewer at high-power variation. The 

cumulative power variation of FSPT with highest value 11,225GWh is much lower than that 

of other PS technologies. 

o The start-ups of FSPT is the largest in pumping conditions, which is 10,857, 51% higher than 

that of TPS300 unit. Increasing pump capacity in TPS and VSQTPS reduces the number of 

start-ups required under both generating and pumping conditions. 

o Enhancing operation flexibility can mitigate the rapid reservoir water level fluctuations. 

Therefore, the limited station flexibility of FSPT leads to more rapid water level volatility.  

o The FSPT show the better smoothing effect on the net load, with the VC of 0.727. And 

increasing the pump capacity of TPS and VSQTPS can effectively reduce the net load 

fluctuation. 

o The reduction of wind-solar curtailment is limited by pump capacity, generating flexibility, 

and reservoir water level.  

• Environmentally, the system emission equipped with FSPT is higher than that of other PS 

technologies, which proves that the pumping flexibility is conducive to reducing coal power output. 

From the comprehensive assessment of different PS technologies, the TPS300 performed the best in cost 

preference and the VSQTPS300 performed the best in emission preference. In both cases, the FSPT performed 

the worst. Although FSPT scores the highest on investment cost, it still fails to make up for the loss of scores 

by other indicators such as emission, water level, power variation, start-ups. Overall, the any PS technology has 

its unique strengths and limitations, emphasizing the importance of determining relevant performance indicators 

and assigning appropriate weights to them. Future PS planning needs to account for a range of factors, including 

the energy mix, local hydrological characteristics, and reservoir scheduling habits, and choose appropriate PS 

technologies based on specific index weights. 

6. Discussions 

Energy storage is considered a solution to the intermittent nature of renewable energy production. It enables the 

storage and scheduling of renewable energy, thereby increasing system flexibility and reducing voltage fluctuations. 

Currently, there are several energy storage technologies available, including pumped hydro storage, compressed air 

energy storage, flywheels, supercapacitors, and batteries. However, each technology has its own limitations that 

impede large-scale applications. For instance, compressed air energy storage suffers from low round-trip efficiency 

around 50%-70%, while battery storage is plagued by issues like high costs and limited cycle life. In contrast, Pumped 

hydro energy storage (PHES) with flexible operation is considered a promising solution for integrating intermittent 

wind and solar power into the grid. However, the study conducted by Zhao et al. (2022) solely examined the stability 

and efficiency performance of fixed-speed pumped hydro energy storage stations (PHESS) in different flexibility 
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scenarios. This analysis neglected other pumped storage technologies, including variable speed and ternary pumped 

storage. pumped hydro storage boasts high efficiency up to 80%, low maintenance costs and a life span over 50 years 

according to our case study. Although the upfront investment is higher, the levelized cost is competitive compared to 

other options. Moreover, pumped hydro storage is proven to effectively smooth renewable fluctuations through 

flexible generating and pumping, reducing the annual net load variation coefficient from 0.683 to 0.518 based on our 

simulations. The cumulative regulating power can reach 11225 GWh, demonstrating pumped hydro's superiority in 

provision of large-scale and long-term storage. Therefore, pumped hydro storage, as a mature technology, addresses 

the shortcomings of many other storage options and is more suitable for facilitating renewable integration. However, 

a combination of multiple storage technologies can be explored in future studies to maximize economic and 

environmental benefits. 

One limitation of this study is the use of constant head-efficiency coefficients to simulate different 

configurations of pumped-storage (PS) systems. This approach can introduce slight deviations in the calculation of 

PS operation costs. Subsequent research will further investigate the parameters associated with the five PS 

technologies. While our model accounts for variations in generating and pumping efficiency due to hydrological 

seasonality, which has been extensively studied in prior work by Li and Zhao(Li and Zhao et al.), the specific 

examination of hydrological seasonality's impact on PS units falls beyond the scope of this paper. Nevertheless, it is 

noteworthy that PS systems with significant water head variations and large storage capacities, including those with 

ultra-high water heads, may experience prolonged deviations from the optimal range. Consequently, the utilization 

of variable-speed technologies becomes imperative to enhance both generating and pumping efficiency and mitigate 

potential damage to the unit's internal structure. It is crucial to acknowledge that this implementation may heighten 

pressure risks in the penstock during pumping operations. Hence, the adoption of PS technologies demands a 

comprehensive balance encompassing factors such as generating and pumping flexibility, water head variation, and 

internal unit structural safety. 
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Appendix 

Tab S1 Variables and definitions of the PS model. 

Variables Units Description 

Committed p.u. commitment status of each generation unit 

CostFixed ¥ Fixed costs 

CostLoadShedding ¥ Shedding costs 

CostRampDown ¥ Ramp-down costs 

CostRampUp ¥ Ramp-up costs 

CostShutDown ¥ Shutdown costs 

CostStartUp ¥ Start-up costs 

CostVariable ¥ Variable costs 

Curtailment MW Wind-solar curtailment 

Demand MW Load demand 

Emission kg System carbon emission 

EmissionCoefficient Kg·MW-1·h-1 Carbon emission intensity  
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Generating p.u. Binary variable, 1 for generating and 0 for standstill 

GeneratingEfficiency p.u. Generating efficiency of PS units 

MinimumStableGenerating p.u. Minimum stable generation of PS units 

MinimumStablePumping p.u. Minimum stable pumping of PS units 

Netload MW Net load of energy system 

Power MW Power output of each unit 

PowerCapacity MW Installed capacity of the unit 

PowerCoal MW Total coal power output 

PowerHydro MW Total hydropower output 

PowerPumpedStorage MW Total PS output 

PowerROR MW Total run-of-river power output 

PowerSolar MW Total solar power output 

PowerWind MW Total wind power output 

Pumping p.u. Binary variable, 1 for pumping and 0 for standstill 

PumpingEfficiency p.u. Pumping efficiency of PS units 

Reserve MW Including spinning and non-spinning reserve 

RORCapacity MW Installed capacity of run-of-river power unit 

RORSolarFactor p.u. Utilization factor of run-of-river power unit 

Rate  Fluctuation rate of water level in adjacent two hours 

SolarCapacity MW Installed capacity of solar-PV unit 

SolarFactor p.u. Utilization factor of wind power unit 

Spillage MWh Spillage from reservoirs 

StartUpNumberPump p.u. Start-up number under pumping condition 

StartUpNumberTurbine p.u. Start-up number under generating condition 

std MW Standard deviation of net load 

StorageCapacity MWh Storage capacity of PS reservoirs 

StorageCurve p.u. Reservoir operation curve 

StorageGenerating MWh Generating of PS units 

StorageGeneratingCapacity MW Maximum generating capacity of PS units 

StorageInflow MWh Power from upstream inflow 

StorageLevel MWh Reservoir water level 

StorageMaximum MWh Reservoir maximum storage level 

StorageMinimum MWh Reservoir minimum storage level 

StorageOutflow MWh Outflow power from reservoir 

StoragePumping MWh Pumping of PS units 

StoragePumpingCapacity MW Maximum pumping capacity of PS units 

TotalSystemCost ¥ Total system costs throughout the year 

Transimission MW Power transmitted through the grid 

UnitCapacity MW Installed capacity of single PS unit 

VC p.u. variable coefficient of net load 

WaterLevel p.u. Reservoir relative water level 

WindCapacity MW Installed capacity of wind power unit 

WindFactor p.u. Utilization factor of wind power unit 
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Fig.S1 Reservoir water level classification 
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Tab.3 system net load fluctuation considering different PS technologies. 

 VSDFI VSFSC FSPT TPS 200 TPS 250 TPS 300 VSQTPS 200 VSQTPS 250 VSQTPS 300 

Generating 22865679 22277623 24363734 21956117 22469239 22891679 21717690 22218932 22592653 

Pumping 7563282 7105606 9684840 5059620 5771025 6456780 4803594 5440114 5952858 

Average 

generating 
2610 2543 2781 2506 2565 2613 2479 2536 2579 

Average 

pumping 
863 811 1106 578 659 737 548 621 680 

Average 

netload 
10985 10985 10985 10985 10985 10985 10985 10985 10985 

Average 

netload (G+P) 
9239 9254 9310 9057 9080 9110 9055 9070 9086 

VC (netload) 0.781 0.781 0.781 0.781 0.781 0.781 0.781 0.781 0.781 

VC (nefload 

G+P) 
0.746 0.744 0.727 0.782 0.769 0.756 0.783 0.77 0.76 

Note that the ab b reviation"G" refers to generation while "P" refers to pumping operation. 
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