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Abstract. Large-scale integration of wind power brings new
challenges to the frequency stability of traditional power systems. 
The use of battery has become increasingly mature for frequency 
control. Recently, battolyser as a brand-new technology that 
combines the functions of battery and electrolyser, shows higher 
technical and economic potential owing to its hydrogen production 
ability. Regarding this, the authors conduct detailed calculation 
and simulation to quantify its performance in primary frequency 
control. Results are compared with battery under various wind 
power penetration ratios and state-of-charge (SoC) conditions. It 
is shown that battolysers are more competitive in primary 
frequency control with high share of wind power when it operates 
at a higher SoC with more expensive electricity. 
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1. Introduction

The climate change and energy crisis increase the need for 
renewable energy, which leads to the comprehensive 
installation of wind turbines in power systems. According 
to the International Energy Agency, in 2022, wind 
electricity generation increased by a record 265 TWh, 
reaching more than 2100 TWh. China continues to lead 
regarding wind capacity additions, with 37 GW added in 
2022. The European Union is accelerating wind deployment 
in response to the energy crisis, with 13 GW added, and 
wind energy covered 16% of the EU electricity demand in 
2022. Wind power accounted for 22% of new electricity 
capacity installed in the United States in 2022, with the help 
of new funding for wind power in the Inflation Reduction 
Act introduced in the same year [1-3].  

The large-scale deployment of wind power brings issues to 
the power system. On the one hand, the wind power output 
is uncertain due to the wind speed variation. It will take a 
lot of work to forecast the real-time wind power output and 
control it for the need. On the other hand, with the 
increasing penetration of renewable generation in power 
systems, a considerable part of conventional synchronous 
units providing inertia response are displaced by renewable 

units. However, wind and solar units typically offer low to 
zero inertia response because of their non-synchronous 
connection to a power system [4]. This intensifies the 
imbalance between active power production and demand, 
causing more severe frequency fluctuations, which may 
affect power system stability. 

Handling power imbalance issues at the second level 
generally relies on primary frequency control by the speed 
regulator of the synchronous generator. While the fast and 
high-frequency fluctuation of frequency caused by the 
variation of wind power output makes the traditional 
primary frequency regulation units harder to achieve the 
goal and less cost-effective. 

Battolyser is a newly developing technology based on the 
original battery with the added function of an electrolyser. 
Paper [5] introduces the essential characteristics of 
battolyser. A battolyser operates in the discharge mode 
when there is no voltage on the electrodes, or the voltage 
is less than the charging threshold. On the contrary, a 
voltage higher than the threshold will cause it to charge. 
When the voltage further exceeds the threshold voltage of 
the oxygen evolution reaction (OER) and hydrogen 
evolution reaction (HER) of the electrodes, the above 
reactions will occur to generate oxygen and hydrogen in 
sync with charging. If the electrode voltage is maintained 
at fully charged and the battolyser continues being charged, 
it can produce hydrogen and oxygen at the highest rate. 
Because the battolyser has the similar ability of fast input 
or output power energy and energy storage like battery, it 
can smooth wind power generation output while produce 
hydrogen. 

Regarding the use of batteries for primary frequency 
control (PFC) with wind power, both academia and 
industry have conducted studies and applications [6-23]. 
Various schemes have been developed to control and 
optimize the adaptability of battery output to wind power 
fluctuations.  
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Battolysers have begun to receive more and more attention 
in recent years of research. Scholars from the Delft Institute 
of Technology and the UK have conducted relevant 
research on its chemical properties [5, 24-26]. Scholars of 
paper [5] are the first to study the electric and chemical 
characteristics of battolyser based on Ni-Fe batteries. Paper 
[24] analyses the influence of the internal resistance and 
structure of the battolyser based on the Ni-Fe battery. The 
availability of lead-acid battolyser is tested in the paper [25]. 
Physical and actual models of the battolyser are built in 
paper [26] to gain the operation features for up-scale cell 
design. This analysis is focused on the low-voltage circuit 
level and is unrelated to the power system. Some scholars 
have studied the economics of battolyser working with wind 
power to output electricity and hydrogen [27]. In summary, 
although research on battolysers is in its infancy, it has 
shown great application prospects in large scale power 
systems given its proven technical performance in chemical 
characteristics and low-voltage level performance. 
 
For the first time, this article analyses the performance of 
battolyser for primary frequency regulation in power 
systems with wind power. The required rated power of 
battolyser for contingency in different wind energy 
penetration rates is summarized. This article proposes cost 
formulas for using battolysers in PFC and calculates the 
PFC energy cost based on different electricity and hydrogen 
prices. The technical performance and economics of 
battolysers are quantitively compared with that of batteries. 
The proposed analysis method can be applied to other 
power systems using the battolyser for PFC. 
 
2. Electrical characteristics of battolyser 
 
The electrical characteristics of battolyser are similar but 
different from batteries. The electrical characteristics of the 
battolyser made by Ni-Fe battery used for analysis in this 
report are summarized from the literature [5, 24, 26]. The 
lithium battery, which is currently the most frequently used 
battery, is used for comparison. The energy loss and 
temperature changes of the battolyser and battery are not 
considered in operation. Energy loss is accounted for in the 
cost calculation. 
 
A. Charging characteristics 
 
Charging characteristics influence the energy distribution of 
the battolyser operating in power system. During the charge 
and discharge process, the SoC of the lithium battery 
changes linearly [28]. All the charging energy of the lithium 
battery is used to improve the SoC, and all the discharge 
energy reduces the SoC. 
 
During the discharge process, the SoC change of battolyser 
is linear. But during the charging process, the SoC change 
of the battolyser is non-linear. When the SoC of the 
battolyser is low, a high proportion of the charging energy 
is used to increase its SoC and a low ratio is used to produce 
hydrogen; when the SoC of the battolyser is higher, a lower 
proportion of its energy is used to increase the SoC, and a 
higher ratio is used to produce hydrogen during the charging 
process.   
 

Based on the analysis of the charging and discharging 
process of battolyser in [5], this paper derives the formula 
for charging energy distribution during the charging 
process of battolyser, which is formulated as (1)~(2). 
 

𝐸𝐸𝑏𝑏𝑏𝑏(𝑥𝑥) =
2

1 + 𝑒𝑒−2·𝑥𝑥 − 1

𝑥𝑥  (1) 

 
𝐸𝐸𝑒𝑒𝑒𝑒(𝑥𝑥) = 1 − 𝐸𝐸𝑏𝑏𝑏𝑏(𝑥𝑥) (2) 

 
Eba is the proportion of energy used to charge the battery 
part of the battolyser. x is SoC. Eel is the proportion of 
energy used to charge the electrolyser part of the battolyser. 
 
B. Discharging rate 
 
Discharging rate influences the output power of the 
battolyser operating in power system. 
 
Discharging rate means the maximum operating current 
for a battery or battolyser in charging and discharging. 
This rate is often expressed as C. A battery charging or 
discharging rate of 1 C means the stored energy takes 1 
hour to charge or discharge fully. Based on the chemical 
characteristics of Ni-Fe batteries, their charging and 
discharging rate are less than 1 C [24]. This results in 
lower charging and discharging power under the same 
conditions. The charging and discharging rate of lithium 
batteries is faster, above 2 C [29]. That is, its charging and 
discharging power is higher. The battolyser and battery is 
supposed to operate in its maximum current and rated 
voltage in the study. This paper uses 1 C and 2 C as the 
charging and discharging rate of the battolyser and lithium 
batteries. 
 
3. Methods of using battolyser for PFC 
 
Based on the analyzed scenarios, this paper formulates the 
PFC operation strategy of the battolyser and establishes a 
standard for evaluating its PFC effect. The battery is set up 
with the same parameters as a control group. 
 
A. Analysis scenarios 
 
The battolyser and battery is connected to the power 
system with speed governors and wind power to provide 
PFC service automatically according to the operation 
strategy. The thermal generator units are synchronous 
generators with speed regulators, which can perform PFC 
automatically, while wind power generators cannot 
provide PFC service. The power generation of all 
generators and demand is constant that the increase of 
wind power penetration will decrease the generation share 
of synchronous units. Despite the charging characteristics 
and discharging rate, the lithium battery has the same 
setting as the battolyser. 
 
B. Battolyser operation strategy 
 
The actual PFC power of the battolyser is related to the 
power limit by SoC and the reference PFC power, which 
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is set by the power signal obtained through the virtual droop 
control. 
 

1) Reference PFC power 
 
The PFC signal of the battolyser is obtained 
through the virtual droop control. When there is an 
imbalance between active power supply and 
demand in the system, frequency deviation, Δf, 
will occur. If Δf exceeds the PFC dead zone, the 
battolyser performs PFC. The reference PFC 
power, ΔP, for battolyser is formulated as (3)~(6). 

 
∆𝑃𝑃 = 𝑃𝑃𝑚𝑚 · ∆𝑓𝑓−𝑓𝑓𝑑𝑑𝑑𝑑

𝑓𝑓0
· 1
𝑅𝑅
 (3) 

 
∆𝑓𝑓 − 𝑓𝑓𝑑𝑑𝑏𝑏 > 0 (4) 

 
𝑓𝑓𝑑𝑑𝑏𝑏 > 0 (5) 

 
∆𝑃𝑃 < ∆𝑃𝑃𝑚𝑚𝑏𝑏𝑥𝑥  (6) 

 
Pm is the rated power of the battolyser; fdb is the 
PFC dead zone of the system; f0 is the standard 
frequency of the system; R is the droop control 
coefficient of the battolyser, which determines the 
power ramping speed of the battolyser used for 
PFC; ΔPmax is the power limit by SoC. 
 

2) Power limit for PFC 
 
Specific protection measures are required to 
prevent equipment damage caused by excessive 
charging and discharging when the battery and 
battolyser are charged and discharged in the power 
system. The strategy adopted in this paper is to 
linearly reduce the maximal discharging power of 
the battolyser when its SoC is low. When the 
battolyser gradually reduces its SoC from a low 
value during the discharge process, its output 
power upper limit is gradually reduced from 100% 
of the rated power to 0. Its charging process is 
unlimited.  
 

 
Fig. 1 Output power limits of battolyser 

 
Compared with battolyser, the lithium battery has 
extra power limit that reduces its charging power 
when the SoC is high. 

 

  
Fig. 2 Output power limits of battery. 

 
C. Evaluation of PFC effect 
 
This paper measures the PFC effect of battolyser and 
battery from two perspectives: handling system 
contingency and PFC energy cost. This article only 
considers PFC and does not consider the impact of 
secondary frequency regulation. 
 

1) Handling system contingency 
 
The most severe contingency for PFC is the 
instantaneous massive fluctuation of the active 
power of the system, due to the variation from the 
wind power, thermal units generation and load. 
According to the N-1 reliability rule, the worst 
instantaneous fluctuation happens when the 
largest generator or load is disconnected.  
 
This paper evaluates the PFC effect of the 
battolyser by determining its minimum power 
capacity that can secure the frequency deviations 
below the maximum values when system 
contingency occurs. According to [30], the PFC 
dead zone is 20 mHz; the maximum quasi-stable 
frequency deviation is 200 mHz; the maximum 
instantaneous frequency deviation is 800 mHz. 

 
2) PFC energy cost 

 
The calculation of PFC energy cost is based on 
the following assumptions: the battery or 
battolyser only serves for the PFC in its lifetime; 
the price paid to the battolyser for PFC in 
discharging is the electricity price; for PFC 
demand on power supply, which is discharging 
mode for battolyser or battery, the capital cost, 
operation cost and electricity revenue are 
considered; for PFC demand on power 
consumption, the battery can be charged by free 
electricity and only has the capital and operation 
cost; the battolyser can earn extra profit by 
producing and selling hydrogen; the charging 
process and discharging process account for 50% 
respectively in the total operation time; the cost 
of water for electrolysis and revenue from selling 
oxygen is ignored. 
 
When other conditions are the same, this PFC 
cost differs for battolyser in different SoC. Cbl, 
the normalized PFC cost of battolyser for each 
MWh operation, is formulated as (7). 
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𝐶𝐶𝑏𝑏𝑒𝑒 =
𝐶𝐶𝑐𝑐𝑏𝑏𝑐𝑐,𝑏𝑏𝑒𝑒 + 𝐶𝐶𝑜𝑜𝑐𝑐𝑒𝑒,𝑏𝑏𝑒𝑒

𝐿𝐿𝑏𝑏𝑒𝑒
− 0.5 · (

𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐 · 1 𝑀𝑀𝑀𝑀ℎ
𝐸𝐸𝑏𝑏𝑏𝑏(𝑥𝑥) · 𝛾𝛾𝑏𝑏𝑒𝑒

+
𝑝𝑝ℎ𝑦𝑦𝑑𝑑𝑦𝑦 · 1 𝑀𝑀𝑀𝑀ℎ · 𝐸𝐸𝑒𝑒𝑒𝑒(𝑥𝑥)

[𝐸𝐸𝑏𝑏𝑏𝑏(𝑥𝑥)]2 · 𝛾𝛾𝑏𝑏𝑒𝑒 · 𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐−ℎ𝑦𝑦𝑑𝑑𝑦𝑦
) 

(7) 

 
x is SoC; Ccap,bl is the fixed cost of battolyser per 
unit, in £/MW for one-hour storage; Cope,bl is the 
unit operating cost of the entire life cycle of 
battolyser, in £/MW for one-hour storage; Lbl is the 
life cycle times of battolyser; pelec is the electricity 
price in £/MWh; γbl is the charging energy 
utilization efficiency of battolyser; Eba is the 
proportion of energy used to charge the battery part 
of battolyser;  phydr is the price of hydrogen, the 
unit is £/kg; Eel is the proportion of energy used to 
charge the electrolyser part of the battolyser; relec-

hydr is the conversion ratio of the battolyser using 
electricity to produce hydrogen, the unit is 
MWh/kg Hydrogen. 
 
The normalized PFC cost of battery for each MWh 
operation, Cbr, is formulated as (8) 
 

𝐶𝐶𝑏𝑏𝑦𝑦 =
𝐶𝐶𝑐𝑐𝑏𝑏𝑐𝑐,𝑏𝑏𝑦𝑦 + 𝐶𝐶𝑜𝑜𝑐𝑐𝑒𝑒,𝑏𝑏𝑦𝑦

𝐿𝐿𝑏𝑏𝑦𝑦
− 0.5 ·

𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐 · 1 𝑀𝑀𝑀𝑀ℎ
𝛾𝛾𝑏𝑏𝑦𝑦

 (8) 

 
Ccap,br is the fixed cost of battolyser per unit, in 
£/MW for one-hour storage; Cope,br is the unit 
operating cost of the battery throughout its life 
cycle in £/MW for one-hour storage; Lbr is the life 
cycle times of the battery;γbr is the charging energy 
utilization efficiency of the battery. 
 

4. Case study 
 
This article simulates the PFC effect of the battolyser in an 
IEEE 30-node power system with six generators in the 
Simulink. The configuration of wind energy penetration rate 
and contingency is shown in the Table I. The standard 
system frequency is 50Hz. The negative wind energy 
penetration rate represents system contingency of 
insufficient active power; the positive wind energy 

penetration rate represents system contingency of excess 
active power. 
 
A. PFC for contingency 
 
The minimum rated power required by the battolyser and 
battery to perform PFC by SoC can be obtained in different 
wind energy penetration rates. Table II shows the 
minimum power required for PFC using battolyser and 
battery at different wind energy penetration rates. 
 

1)  Influence of SoC 
 
The distribution characteristics of the power 
required by the battolyser and the battery to 
conduct PFC is the same for each wind energy 
penetration rate. The 30% case is selected for 
analysis, see Fig. 3. The ordinate value is the ratio 
of the power required by the battery or battery to 
the installed wind power capacity. 

 

 
Fig 3. Distribution by SoC of power required by battolyser and 
battery for PF C in contingencies (wind energy penetration = 
30%). 

 
Curves in dark blue and green is above the other 
two. This means the required PFC power in 
discharging is higher than that in charging. More 
PFC power is required at low and high SoC. The 
battolyser and battery should better keep working 
in a SoC about 50 for the best PFC ability of 
handling contingency. The dark blue curve is 
above the green one and the light blue curve is 
above the yellow one at most SoC. This means 
the battolyser requires more PFC power capacity 
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Table II. - The minimum PFC power required for a battolyser or battery in power systems with different wind power 
penetration rates.  

Wind energy penetration (%) -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 
Wind power capacity (MW) 426  355  283  213  142  71  0 71  142  213  283  355  426  

Battery power (MW) 24  21  19  17  14  12  0  0  1  3  6  8  11  
Battolyser power (MW) 47  42  37  33  28  23  0  0  1  6  11  16  21  

The negative penetration means downward variation occurs for wind power and system generation. 

Table I. - Configuration of wind energy penetration rate and 
contingency 

Wind energy penetration rate -60%~+60% 

Contingency 
Disconnected generator  50 MW 

Disconnected load  30 MW 
Max wind power variation 7% 
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for handling the contingency at most SoC, except 
for being charged at the SoC of over 90. 

 
2) Influence of wind energy penetration rate 

 
Fig. 4 summarises the cases in the same absolute 
value of wind power penetration. The ordinate 
value is the ratio of the power capacity required by 
the battery or battery to the installed wind power 
capacity. 
 
We can see from the figure that the charging power 
for PFC increases with higher wind power 
penetration and the discharging power decreases in 
contrast. While the required discharging power is 
more for all the wind penetration. This means the 
power requirements of discharging process in PFC 
is of more importance. And the effect of battery is 
always better than that of the battolyser. The 
difference between the charging and discharging 
power for the battolyser is far more than that of 
battery. The difference may be smaller with a 
higher wind penetration. 

 

 
Fig. 4 The minimum PFC power required for a battolyser or battery 
in power systems with different wind energy penetration rates. 
 
B. PFC cost of battolyser 
 
The PFC costs of battolyser in different SoCs are different 
for various electricity and hydrogen prices. Four application 
scenarios are set based on the differences in hydrogen prices 
and electricity prices, as shown in Table III. 
 
The PFC energy cost of the battolyser and battery can be 
calculated according to equation (1), (2), (4) and (5), and the 
results are shown in Fig. 5, based on the data in Table IV. 
 
As is observed from Fig. 5, the PFC cost of battolyser 
decreases with the increase of SoC. If the battolyser works 
at a high SoC, its PFC cost may be lower than that of battery. 
The curves of current scenarios are under the those of future 
scenarios. This means current conditions on PFC are more 
cost-effective for the battolyser because the hydrogen 
revenue may be decrease due to the lower price in the future. 
The three curves on the top shows the off-work time may 

lead to higher PFC cost.  This is due to the less PFC service 
need and lower service electricity price. 
 

Table III. Application scenarios for PFC cost calculation 

Scenarios PFC tool Electricity 
price 

Hydrogen 
price 

1 battery Troughb N/A 
2 battery Peaka  N/A 
3 battolyser Trough Currentc 

4 battolyser Peak Current 

5 battolyser Trough Futured 
6 battolyser Peak Future 

(a) Trough electricity price is 10 £/MWh. 

(b) Peak electricity price is 60 £/MWh. 
(c) 'Current' refers to the situation that hydrogen from electrolysis 
is still in the development stage, the price of green hydrogen 
produced is relatively high (10 £/kg) 
(d) 'Future' refers to the time when electrolysis of water to produce 
hydrogen is fully developed, and the price of green hydrogen 
produced is relatively low (3 £/kg). 

 

 
Fig. 5 The PFC cost by SoC in different scenarios. 

 

 
5. Conclusions 
 
This article analyses the technical performance and 
economics of using battolysers for PFC in power systems 
with different wind power penetration rates. 
 
Generally, batteries serve better than battolysers in 
handling the PFC contingency at most situations, except 
being charged at the SoC of over 90. The performance of 
battolysers will be better with a higher wind penetration. 
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Table IV. – Cost data of battery and battolyser [27] 
  Battery Battolyser Unit 

Capital cost 147 178.4 £k/MW for 1 h 
storage 

Operation 
cost  40 42 £k/MW for 1 h 

storage for lifetime 
Life cycles 3000 3000 N/A  
Charging 
efficiency 80% 80% N/A  

Hydrogen 
production N/A  17 kg H2/MWh 
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If battolysers work at a high SoC, its PFC cost may be lower 
than that of batteries. Low prices of electricity and hydrogen 
leads to a high PFC cost for the battolyser. 
 
In summary, battolysers are more competitive in primary 
frequency control with high share of wind power when it 
operates at a higher SOC with more expensive electricity. 
 
References 
 
[1] R. Wiser et al., "Land-Based Wind Market Report: 2023 

Edition", (2023)  
[2] W. Musial et al., "Offshore Wind Market Report: 2023 

Edition", (2023)  
[3] A. C. Orrell, L. M. Sheridan, K. Kazimierczuk, and A. M. 

Fensch, "Distributed Wind Market Report: 2023 Edition", 
(2023)  

[4] Y. Wen, W. Li, G. Huang, and X. Liu, "Frequency Dynamics 
Constrained Unit Commitment With Battery Energy Storage", 
IEEE Transactions on Power Systems (2016) vol. 31, pp. 
5115-5125. 

[5] F. M. Mulder, B. M. H. Weninger, J. Middelkoop, F. G. B. 
Ooms, and H. Schreuders, "Efficient electricity storage with 
a battolyser, an integrated Ni–Fe battery and electrolyser", 
Energy & Environmental Science (2017) vol. 10, pp. 756-764. 

[6] E. Chiodo et al., "Probabilistic Description of the State of 
Charge of Batteries Used for Primary Frequency Regulation", 
Energies (2022) vol. 15, p. 6508. 

[7] Y. Meng, X. Li, X. Liu, X. Cui, P. Xu, and S. Li, "A Control 
Strategy for Battery Energy Storage Systems Participating in 
Primary Frequency Control Considering the Disturbance 
Type", IEEE Access (2021) vol. 9, pp. 102004-102018. 

[8] J. Engels, B. Claessens, and G. Deconinck, "Combined 
Stochastic Optimization of Frequency Control and Self-
Consumption With a Battery", IEEE Transactions on Smart 
Grid (2019) vol. 10, pp. 1971-1981. 

[9] M. Benini, S. Canevese, D. Cirio, and A. Gatti, "Battery energy 
storage systems for the provision of primary and secondary 
frequency regulation in Italy", 2016 IEEE 16th International 
Conference on Environment and Electrical Engineering, pp. 
1-6. 

[10] D. Li, S. Guo, W. He, M. King, and J. Wang, "Combined 
capacity and operation optimisation of lithium-ion battery 
energy storage working with a combined heat and power 
system", Renewable and Sustainable Energy Reviews (2021) 
vol. 140, p. 110731. 

[11] Y. Zhang, Y. Xu, H. Yang, Z. Y. Dong, and R. Zhang, 
"Optimal Whole-Life-Cycle Planning of Battery Energy 
Storage for Multi-Functional Services in Power Systems", 
IEEE Transactions on Sustainable Energy (2020) vol. 11, pp. 
2077-2086. 

[12] W. Gorman et al., "Motivations and options for deploying 
hybrid generator-plus-battery projects within the bulk power 
system", The Electricity Journal (2020) vol. 33, p. 106739. 

[13] F. Mirzapour, M. Lakzaei, G. Varamini, M. Teimourian, and 
N. Ghadimi, "A new prediction model of battery and wind-
solar output in hybrid power system", Journal of Ambient 
Intelligence and Humanized Computing (2019) vol. 10, pp. 
77-87. 

[14] L. Xu, X. Ruan, C. Mao, B. Zhang, and Y. Luo, "An Improved 
Optimal Sizing Method for Wind-Solar-Battery Hybrid 
Power System", IEEE Transactions on Sustainable Energy 
(2013) vol. 4, pp. 774-785. 

[15] Q. Li, S. S. Choi, Y. Yuan, and D. L. Yao, "On the 
Determination of Battery Energy Storage Capacity and Short-
Term Power Dispatch of a Wind Farm", IEEE Transactions 
on Sustainable Energy (2011) vol. 2, pp. 148-158. 

[16] P. Mercier, R. Cherkaoui, and A. Oudalov, "Optimizing a 
Battery Energy Storage System for Frequency Control 

Application in an Isolated Power System", IEEE 
Transactions on Power Systems (2009) vol. 24, pp. 1469-
1477. 

[17] F. Giraud and Z. M. Salameh, "Steady-state performance of 
a grid-connected rooftop hybrid wind-photovoltaic power 
system with battery storage", IEEE Transactions on Energy 
Conversion (2001) vol. 16, pp. 1-7. 

[18] D. L. Yao, S. S. Choi, K. J. Tseng, and T. T. Lie, 
"Determination of Short-Term Power Dispatch Schedule for 
a Wind Farm Incorporated With Dual-Battery Energy 
Storage Scheme", IEEE Transactions on Sustainable Energy 
(2012) vol. 3, pp. 74-84. 

[19] D. L. Yao, S. S. Choi, K. J. Tseng, and T. T. Lie, "A 
Statistical Approach to the Design of a Dispatchable Wind 
Power-Battery Energy Storage System", IEEE Transactions 
on Energy Conversion (2009) vol. 24, pp. 916-925. 

[20] S. Teleke, M. E. Baran, A. Q. Huang, S. Bhattacharya, and 
L. Anderson, "Control Strategies for Battery Energy Storage 
for Wind Farm Dispatching", IEEE Transactions on Energy 
Conversion (2009) vol. 24, pp. 725-732. 

[21] S. Voller, A. Al-Awaad, and J. F. Verstege, "Benefits of 
energy storages for wind power trading", 2008 IEEE 
International Conference on Sustainable Energy 
Technologies, pp. 702-706. 

[22] H. Zhao, Q. Wu, S. Hu, H. Xu, and C. N. Rasmussen, 
"Review of energy storage system for wind power 
integration support", Applied Energy (2015) vol. 137, pp. 
545-553. 

[23] H. Huang et al., "Generic System Frequency Response 
Model for Power Grids With Different Generations", IEEE 
Access (2020) vol. 8, pp. 14314-14321. 

[24] J. P. Barton, R. J. L. Gammon, and A. Rahil, 
"Characterisation of a Nickel-iron Battolyser, an Integrated 
Battery and Electrolyser", Frontiers in Energy Research 
(2020) vol. 8,  

[25] M. Brenton, J. Barton, D. Strickland, J. Wilson, and U. 
Wijayantha-Kahagala, "Lead-acid battolyser concept", 11th 
International Conference on Power Electronics, Machines 
and Drives vol. 2022, pp. 64-70. 

[26] A. Mangel Raventos, "Towards upscaling the Battolyser- 
An Integrated Ni-Fe Alkaline Battery and Electrolyser: A 
combined modeling and experimental study", Ph. D. 
doctoral thesis, TU Delft (2023). 

[27] B. Jenkins et al., "Techno-Economic Analysis of Low 
Carbon Hydrogen Production from Offshore Wind Using 
Battolyser Technology", Energies (2022) vol. 15, p. 5796. 

[28] J. Xiao et al., "Understanding and applying coulombic 
efficiency in lithium metal batteries", Nature energy (2020) 
vol. 5, pp. 561-568. 

[29] K. Zaghib et al., "Safe and fast-charging Li-ion battery with 
long shelf life for power applications", Journal of Power 
Sources (2011) vol. 196, pp. 3949-3954. 

[30] ENTSO-E, "ENTSO-E Operation Handbook", (2009). 
 

111


