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Abstract

The power systems in many countries are undergoing a radical transformation through employing a large capacity of renewable
generation technologies such as wind turbine and solar photovoltaic. The power generation by wind and solar resources are variable
and difficult to predict. Therefore, growing capacities of such technologies is expected to introduce challenges regarding balancing
Abstractsupply and demand. This paper investigates the role of battery storage and power-to-gas systems to accommodate large
electricity
capacity of intermittent power generation from wind and solar and therefore facilitates matching electricity supply and demand.
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Systems. deep). To estimate the error, obtained heat demand values were
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered).
Nomenclature
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the
decrease Capital
in the number
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Cost of heating hours of 22-139h during the heating season (depending on the combination of weather and
renovation
scenarios
considered).
𝐶𝐶𝐶𝐶𝐶𝐶
Capital
Recovery
FactorOn the other hand, function intercept increased for 7.8-12.7% per decade (depending on the
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and
𝑖𝑖
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improve the accuracy of heat demand estimations.
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1. Introduction
The United Kingdom has legally binding targets to increase the share of renewable sources in electricity generation
mix. Due to the abundant wind resources across the country, wind is expected to play a very important role in the
future generation mix [1].
The intermittent nature of wind speed and the resultant electric power output poses challenges to the balancing of
electricity supply and demand. In Great Britain (GB) in particular, gas-fired generators are expected to compensate
for the variations in wind generation, and therefore accommodate increased integration of wind generation. However,
the frequent ramp up and ramp down of gas-fired generators caused by wind intermittency is transferred to the gas
network and result in more variable gas demand for power generation [2].
There are number of potential solutions to address the supply and demand balancing challenge, from which battery
storage and power-to-gas were assessed in this paper. The value of these options in the operation of integrated
electricity and gas networks were quantified for a low carbon energy system in 2030.
1.1. Battery storage
Battery Energy Storage Systems (BESS) have seen significant growth in recent years. Though some of this will be
research-driven, it can be assumed that in many regions of the world, the benefits of battery storage now outweigh the
significant capital investment costs.
The need for energy storage has increased with the increasing deployment of renewables. For power system
security to be maintained, demand and generation need to be matched at all times. With traditional thermal generation,
output can be varied to match demand. Given the recent success of lithium-ion, this paper will focus on that
technology.
Much of the interest in lithium-ion battery costs has focused on battery cells for electric vehicles because of the
interest in when electric vehicles may become cost-competitive with combustion engine vehicles. The capital costs in
2030 is estimated to range from $150 to $300 per kWh, a reduction of approximately 50% from 2014 prices [3].
1.2. Power-to-Gas (P2G)
Power-to-Gas is the use of excess renewable electricity from power grid to produce hydrogen via electrolysis
process and inject the hydrogen into the existing gas network. The structure of P2G is shown in Fig. 1 [4]. P2G systems
can be operated to [5]:
 absorb otherwise curtailed wind and solar electricity
 use a combination of grid electricity and local renewable electricity to produce low carbon gas and
consequently contribute to decarbonizing heat sector
 operate on a time base that meets load levelling and balancing services objectives.
The potential of large scale integration of hydrogen technologies in balancing the Spanish power system was
studied in reference [6]. Qadrdan et al [4], investigated the role of P2G in an integrated gas and electricity system in
Great Britain, and showed that P2G has a significant potential to reduce wind curtailment that caused by insufficient
power transmission capacity. Furthermore, it was shown that injecting the hydrogen produced from renewable
electricity into the gas network contributes to the reduction of gas import dependency.
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Fig. 1. Structure of a P2G in integrated gas and electricity system [4]

2. Methodologies
In this study, the Combined Gas and Electricity Networks model (CGEN) [7], was used to assess the role of BESS
and P2G in the operation of electricity and gas networks in GB. CGEN model investigates the optimal operation of
gas and electricity networks and quantifies the reduction in the operating cost of the system achieved through the
employment of BESS and P2G. In order to assess the economic feasibility of BESS and P2G, the reduction in annual
operating cost for each of these options were compared to their annualized capital cost of these technologies.
2.1. Combined Gas and Electricity Networks model (CGEN)
CGEN is an optimization model that simultaneously minimizes the operational costs of gas and electricity
transmission system. The objective function of the optimization problem includes fuel and variable operation and
maintenance costs of power generation, in addition to the cost of gas supply and cost of unserved energy.
The operating characteristics of gas and electricity networks such as maximum generation and ramping limits of
power plants, gas flow along pipes, fuel consumption by compressors were considered in CGEN model as constraints.
The components considered in CGEN is shown in Fig. 2. Detailed descriptions and formulation of CGEN model is
reported in [7].
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Fig. 2. The structure of CGEN model [7]

2.2. Annualized cost of BESS and P2G
In order to assess the economic feasibility of BESS and P2G in gas and electricity networks, the annualized costs
of these technologies were calculated and compared with annual saving in the operating cost of the gas and electricity
networks. Eq. 1 was used to annualize the capital cost of technologies:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶𝐶𝐶

(1)

where, CAPEX is capital cost of the technologies and CRF stands for Capital Recovery Factor. CRF is calculated
using Eq. 2:
𝑖𝑖(1+𝑖𝑖)𝑛𝑛

𝐶𝐶𝐶𝐶𝐶𝐶 = (1+𝑖𝑖)𝑛𝑛

−1

(2)

where, n is the life time of the technologies, and i is discount rate which was assumed 10% in this study.
For BESS, from reviewing different literature and in particular reference [8], the cost of a 4MWh BESS with
inverter size of 1 MW was assumed to be around £0.7 million in 2030. For P2G, the capital cost also was assumed to
be £0.7 million per MW hydrogen production [5].
3. Case Studies
The role of BESS and P2G in meeting the balancing challenges of supply and demand was studied in typical summer
and winter weeks in 2030 in GB. To quantify the value of BESS and P2G in the operation of gas and electricity
networks, different capacities of these technologies (i.e., 5 GW, 10 GW, and 15 GW) was installed in the power
system. The input data including available wind, gas and electricity demands have been taken from [7].
3.1. Gas and electricity networks
A future GB electricity and gas networks were represented using Fig. 3 [9]. The figures illustrate the topologies
and spatial granularities of gas and electricity networks.
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3.2. Power generation mix
The operation of a GB integrated gas and electricity system with large capacity of wind generation (Table 1) was
modelled over typical winter and typical summer weeks in 2030. The value of different capacity of BESS and P2G to
address electricity balancing challenges and reduce the operating costs of gas and electricity networks was evaluated.
Table 1. Power generation mix and marginal cost of electricity generation [1].
Generation technology

Capacity (GW)

Marginal cost (£/MWh)

9

7

Nuclear
Coal with CCS

4.5

22

Gas

33

2.3* + Locational gas price

Wind

52

0

Pumped storage

2.7

NA

Interconnector

11.5

100

* £2.3/MWh is variable operating cost for gas-fired generating plants

Fig. 3. GB transmission networks [9] : (a) gas network (b) electiricty network

4. Results and Discussions
In Fig. 4, the curtailed wind generation in different cases is presented. Through employment of BESS and P2G
technologies, the wind curtailment is reduced and more wind is injected to the grid. Additionally, it is concluded that
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the P2G technology could play an important role in accommodating more wind in the system. It is shown that in
summer and winter weeks almost the wind was completely absorbed by the grid and no wind curtailment was occurred.

Fig. 4. Cumulative wind curtailment in different case studies

Fig. 5 shows the saving in operating cost achieved by different size of BESS and P2G in a winter typical week and
in a summer typical week. The BESS offers promising cost savings in particular in the winter week, and its
contribution in saving operating cost increase by increasing its capacity. The larger saving in operating cost of the gas
and electricity system in winter is due to the reduction of the share of the peaking power plants in which has high
marginal generation cost in meeting electricity demand.

Fig. 5. Saving in operating cost achieved by BESS and P2G in a week in summer and a week in winter
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In the case of P2G, the cost saving in the winter week is lower compared to the summer week. This is because in
the summer week demand is low and wind curtailment is larger compared to the winter week, therefore, the P2G is
utilized more extensively in the summer week and avoids the waste of the electricity from wind and produce free gas.

Fig. 6. Net annual savings by different capacity of BESS

Fig. 7. Net annual savings by different capacity of P2G

Fig. 6 and 7, present net annual saving in operating cost of the gas and electricity system for different assumptions
of capital cost and different capacities. It is shown that employment of BESS and P2G is economically feasible, when
the annualized capital cost of these technologies is less than £0.4 m/MW and £0.5 m/MW, respectively. In this study,
the optimal size of BESS was 10 GW since through increasing the size of BESS to 15 GW, the annual savings was
decreased. Moreover, through increasing the capacity of P2G facilities, the value of this option was reduced due to
the high capital costs compared to the operational cost savings.
5. Conclusions
This paper investigated the role of battery energy storage system (BESS) and power-to-gas (P2G) system in
addressing electricity balancing challenges. The value of these technologies in reducing operating costs of the gas and
electricity systems in GB was quantified for different capacity and capital cost assumptions. Both technologies offer
promising contributions to reducing the operating cost, however their investment can be justified only when the capital
cost of the technologies reach a threshold. This threshold is £0.5 m/MW for P2G, and is £0.4 m/MW (and 2 MWh
storage capacity) for BESS.
Acknowledgements
The authors gratefully acknowledge the Whole Systems Energy Modelling Consortium (wholeSEM) for providing
funding for this work under EPSRC grant EP/K039326/1.
References
[1] National Grid, “UK Future Energy Scenarios”, Jul. 2014.
[2] M Qadrdan, M Chaudry, J Wu, N Jenkins, J Ekanayake, “Impact of a large penetration of wind generation on the GB gas network”, Energy
Policy 38 (10), 5684-5695.
[3] W. J. Cole, C. Marcy, V. K. Krishnan, and R. Margolis, "Utility-scale lithium-ion storage cost projections for use in capacity expansion models,"
in 2016 North American Power Symposium (NAPS), 2016, pp. 1-6.
[4] M Qadrdan, M Abeysekera, M Chaudry, J Wu, N Jenkins, “Role of power-to-gas in an integrated gas and electricity system in Great Britain”,
International Journal of Hydrogen Energy 40 (17), 5763-5775.
[5] ITM Power. Power-to-gas: a UK feasibility study. 2013. Work funded by Technology Strategy Board, UK,
http://www.itmpower.com/project/gridgas

848
8

Hossein Ameli et al. / Energy Procedia 142 (2017) 841–848
Hossein Ameli et al./ Energy Procedia 00 (2017) 000–000

[6] Gutierrez-Martin F, Guerrero-Hernandez I. Balancing the grid loads by large scale integration of hydrogen technologies: the case of the
Spanish power system. Int J Hydrogen Energy, 2012; 37(2):1151-1161.
[7] Meysam Qadrdan, Hossein Ameli, Goran Strbac, Nicholas Jenkins, “Efficacy of options to address balancing challenges: Integrated gas and
electricity perspectives”, Applied Energy 2017, 190, 181-190.
[8] Tesla. (2016, 23/12/2016). Design Your Powerpack System. Available: https://www.tesla.com/en_GB/powerpack/design#/
[9] H. Ameli, M. Qadrdan, and G. Strbac, “Value of gas network infrastructure flexibility in supporting cost effective operation of power
systems,” Applied Energy 2017, 202, 571-580.

