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Abstract: Integration of a large capacity of wind generation in the Great Britain (GB) electricity
network is expected to pose a number of operational challenges. The variable nature of wind generation
necessitates introduction of technologies that can provide flexibility to generation portfolios and
therefore compensate for intermittency of wind generation. In this paper, the efficacy of three options
to address electricity balancing challenges was evaluated: flexible gas-fired plants, electricity storage
and Power-to-Gas system. The combined gas and electricity network model (CGEN) was enhanced and
through adopting a rolling optimisation approach the model aims at minimising the operational cost of
an integrated gas and electricity networks that represents a GB system in 2030. The potential impacts
of employing each of the flexibility options on the operation of the integrated electricity and gas
networks were investigated. The analysis showed that amongst all the flexibility options, the
deployment of grid-scale electricity storage will achieve the highest reduction in the operational cost
of the integrated system (£12 million reduction in a typical winter week, and £3 million reduction in a
typical summer week). The results of this study provide insights on the system-wide benefits offered
by each of the flexibility options and role of the gas network in the energy system with large capacity
of wind generation.
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Gas injection into a storage facility
Gas withdrawal from a storage facility
Unserved electricity
Unserved gas
Start-up
Shut-down
Fuel cost of power generation
Variable cost of power generation
Average
Electrically-driven compressors
Demand
Supply
Injection of electricity into storage
This superscript indicates available wind power
This superscript indicates the wind power absorbed by the electricity grid
This superscript indicates the wind power curtailed

Time
Gas storage facility
Electrical busbar
Power generating unit
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Thermal generating unit
Gas node
Gas terminal
Gas pipe
Gas compressor
Transmission line
Electrolyser
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Parameters & Variables
C
Cost (£)
Electrical power (MW)
P
Volumetric gas flow rate in standard temperature and pressure (m3/h)
Q
Ramp
Ramp rate (MW/h)

Density of gas in standard temperature and pressure (0.8 Kg/m3)
p
Gas pressure (bar)
P
P
T
Z
p
p

Power generation capacity (MW)
Minimum stable generation (MW)
Standard temperature (288 K)
Gas compressibility (0.95)
Upper pressure bound (bar)
Lower pressure bound (bar)



ON and OFF state of a thermal generating unit (1/0)
Minimum up time for a thermal generating unit (h)
Minimum down time for a thermal generating unit (h)
Spinning reserve (MW)
Volume of a pipe (m3)
Efficiency (%)
Linepack (m3)
Polytropic exponent (1.27)
Compressor pressure ratio
Amount of gas trapped by a compressor (m3/s)
Gas turbine fuel rate coefficient of a compressor
Level of energy storage (MWh)
Diameter of a pipe (m)
Length of a pipe (m)
Gas constant (518.3 J/Kg Ko)
The constant to convert energy content of hydrogen to its equivalent natural gas volume
(90.9 m3/MWh)
Length of time step (1 h)
Wind power (MW)
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1. Introduction
UK is committed to increase the share of renewable sources in the total energy consumption to
15% by 2020 [1] and 27% by 2030 [2], in order to achieve a longer term CO2 reduction target of 80%
in 2050 (to 1990 level). Given the significant wind energy resources across UK, wind generation will
play a crucial role in achieving the renewable and emission reduction targets [3]. According to a number
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of low carbon scenarios studied by academics, industries and governmental bodies, capacity of wind
generation in 2030 is expected to span between 52 GW and 65 GW [1].
Due to the variable nature of wind generation, increasing trend of wind farms integration into the
GB power grid is expected to make the balancing of electricity supply and demand even more
challenging [4-6]. Consequently, gas-fired generation will play increasingly important role in
supporting balancing of demand and supply given that nuclear generation is inherently inflexible [4].
Gas-fired generation links gas and electricity networks. In the gas network, a gas-fired plant can
be seen as a gas load, and in the electricity network this plant is an electricity supplier. Thus, utilising
gas-fired plants to compensate for wind variability leads to variable gas demand for power generation
[4].
Unlike electrical power, gas takes time to travel from supply sources (terminals and storage
facilities) to demand centres. Linepack which is within-pipe storage capability of gas network is
therefore a key factor that enables gas network to deal with rapid changes of the gas demand locally.
Gas network operators tend to maintain a certain level of linepack, for example National Grid balances
linepack of the GB National Transmission System (NTS) every 24 hours.
Growing variability and unpredictability of gas demand for power generation, caused by
increased penetration of intermittent wind and inflexible nuclear generation will adversely affect
linepack and make its management more difficult. Real operational data from National Grid shows that
the within-day linepack of the GB NTS in 2012 fluctuated with larger magnitude compared to 2002
(Fig. 1). This is due to increased wind generation capacity and also partly as a result of closure of
several gas holders in gas distribution networks [7].

Fig. 1 Comparison of within day Max-Min range of NTS linepack (mcm)
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In addition to flexible gas-fired plants, there are other flexibility options that can be employed for
addressing balancing challenges such as demand-side response, electricity storage and power-to-gas
system. Electricity storage can facilitate integration of wind to the grid and also affect the operation of
gas network through smoothing variation of power output from gas-fired plants. Power-to-gas concept
is to utilise electrolysers to convert electricity to hydrogen and then inject it into the gas network.
Power-to-gas system can enhance the ability of system to integrate variable wind generation and reduce
its curtailment through converting the excess wind and nuclear power to hydrogen, and affect the gas
network operation by introducing new sources of gas in the network [8].
Several studies have investigated the role of flexibility options in addressing the balancing challenges.
Reference [9] studied and quantified key parameters of thermal power plants that influence their
flexibility in future power systems with a large capacity of variable renewable generation. It was shown
although the flexible plants will have a crucial role in balancing electricity supply and demand in future,
significant changes in the current market design needs to be made in order to encourage investments in
flexible plants. In [10], the effectiveness of demand side response to deal with adverse impacts of the
large integration of wind generation into power systems was investigated. Using real option analysis,
authors in [11] evaluated optimal investments in hydrogen storage for storing excess wind power
generation in a wind park. In [12], the effectiveness of power-to-gas systems in increasing the
integration of renewable and reducing power losses in transmission networks was investigated. The
value of electrical storage in a GB electricity system in 2030 which includes large capacity of variable
renewable generation is studied in [13] using a whole electricity system investment model (WeSIM).
The proposed model optimises the total investment and operational costs of the electricity system while
considering the system security. The study highlights how different capacity of electrical storage
installed in different part of the power system (transmission vs. distribution level) can contribute to
providing reserve and manage distribution and transmission network congestion.
The focus of previous studies was on the role of flexibility options in operating power system,
while the system-wide (gas and electricity) value of flexibility has not been considered. Although,
interactions between gas and electricity networks have been investigated from security of supply
perspectives [14], detailed analysis of impacts of wind generation on the gas network operation has
been investigated by a very few studies [15], [16], [17]. In [15], optimal operation of combined gas and
electricity networks in presence of large capacity of wind was assessed without taking into account the
unit commitment constraints, in order to avoid computational complexity, as the optimisation problem
would otherwise become a mixed integer nonlinear problem (MINLP). In [16], detailed unit
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commitments constraints were considered, however to deal with the computational complexity gas and
electricity networks were decoupled and optimal operation of the networks were calculated in an
iterative manner, i.e. operation of electricity system was optimised and then gas demand for power
generation was calculated and given to the gas network as an input, and finally operation of gas network
was optimised. Authors in [17] investigated benefits of storing renewable electricity in the gas network
through convert the electricity into hydrogen and methane. In [17], unit commitment constraints were
not considered.
In this paper, in order to analyse the whole system performance of flexibility options and explore
interactions between gas and electricity networks in detail, capabilities of the Combined Gas and
Electricity Networks (CGEN) model reported by [15] and [16] was significantly enhanced, so that the
operation of gas and electricity networks can be simultaneously optimised through a rolling planning
approach, taking into account detailed unit commitment constraints. Using the enhanced model,
performance of three options to address balancing challenges was studied and compared from an
integrated electricity and gas network perspective. These options include flexible gas plants, electrical
storage and power-to-Gas system.
2. Modelling Methodology
CGEN model ([15], [16] and [18]) is an optimisation tool for detailed analysis of operation of
interdependent gas and electricity networks. For this study, the CGEN model was significantly
enhanced to investigate the system-wide (gas and electricity) impacts of employing various flexibility
options. The model is capable of capturing hour-by-hour dynamics of the integrated system.

2.1. Objective Function

The objective function of the CGEN model is to minimise the total operational cost of both
networks including electricity generation cost (fuel and variable operation and maintenance costs), cost
of gas supply and cost of unserved energy (1).
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2.2. Electricity Network Operation Modelling

In the modelled power system, power flow balance at each electrical busbar should be satisfied
(2). The arrows underneath the sigma signs represent the connections of the components (e.g.
electrolysers and compressors) to busbars.
𝑎𝑏𝑠
𝑑𝑒𝑚
𝑢𝑒
𝑒𝑙𝑒𝑐
𝑒𝑐𝑜𝑚
∑ 𝑃𝑖.𝑡 + ∑ 𝑃𝑙.𝑡 + 𝑊𝑖𝑛𝑑𝑃𝑏,𝑡
= ∑ 𝑃𝑒.𝑡
+ 𝑃𝑏.𝑡
+ ∑ 𝑃𝑐.𝑡
− 𝑃𝑏.𝑡
𝑖→𝑏

𝑙→𝑏

𝑒→𝑏

𝑐→𝑏

(2)

The generation unit characteristics including power generation limit (3), minimum stable
generation limit (4), generation ramp up/down limit (5), minimum up/down time limit for thermal
generating units (6) are taken into account.
𝑃𝑖.𝑡 ≤ 𝑃𝑖

(3)

𝑃𝑘 𝜈𝑘.𝑡 ≤ 𝑃𝑘.𝑡 ≤ 𝑃𝑘 𝜈𝑘.𝑡

(4)

|𝑃𝑖.𝑡 − 𝑃𝑖.𝑡−1 | ≤ 𝑅𝑎𝑚𝑝𝑖
𝜈𝑘.𝑡́ − 𝜈𝑘.𝑡́−1 ≤ 𝜈𝑘.𝑡
𝑡́ = [𝑡 − 𝑈𝑇𝑘 + 1. 𝑡 − 1]
𝜈𝑘.𝑡́−1 − 𝜈𝑘.𝑡́ ≤ 1 − 𝜈𝑘.𝑡
𝑡́ = [𝑡 − 𝐷𝑇𝑘 + 1. 𝑡 − 1]

(5)
(6.a)
(6.b)

The available spinning reserve (7) is assumed to be equal or greater than the largest thermal
generator connected to the grid in addition to reserve driven by uncertainty in wind power production.
𝑟𝑘.𝑡 = 𝜈𝑘.𝑡 ×(𝑃𝑘 − 𝑃𝑘.𝑡 )

(7)

The available wind power which could be absorbed by the grid or at some hours has to be curtailed,
is presented in (8). In addition, the power transfer along the lines is limited by maximum capacity of
the transmission lines (9).
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𝑊𝑖𝑛𝑑𝑃𝑡𝑎𝑣𝑎𝑖𝑙 = 𝑊𝑖𝑛𝑑𝑃𝑡𝑎𝑏𝑠 + 𝑊𝑖𝑛𝑑𝑃𝑡𝑐𝑢𝑟
−𝑃𝑙 ≤ 𝑃𝑙.𝑡 ≤ 𝑃𝑙

(8)
(9)

2.3. Gas Network Operation Modelling

The operation of the gas network is constrained to the gas flow balance at each node (10). The
arrows underneath the sigma signs represent the connections of the components (e.g. pipes and storage)
to gas nodes.
𝑠𝑢𝑝𝑝

∑ 𝑄𝐠.𝑡

𝑢𝑔

𝑒𝑙𝑒𝑐
𝑑𝑒𝑚
+ ∑ 𝑄𝑠.𝑡 + ∑ 𝑄𝑞.𝑡 + ∑ 𝑄𝑒.𝑡
= ∑ 𝜏𝑐.𝑡 + 𝑄𝑛.𝑡
− 𝑄𝑛.𝑡

𝐠→𝑛

𝑠→𝑛

𝑞→𝑛

𝑒→𝑛

(10)

𝑐→𝑛

Limitations on upper/lower pressure of the gas flow in the pipelines (11), gas supply capacity for
terminals and storage facilities, and gas compressor operation are considered (12.a) to (12.c).
𝑝 ≤ 𝑝𝑛.𝑡 ≤ 𝑝
𝑃𝑐.𝑡
1≤

(11)

out
𝑄𝑐.𝑡 𝛼
𝑝𝑐.𝑡
=
[( in )
𝜂𝑐 (𝛼 − 1) 𝑝𝑐.𝑡
out
𝑝𝑐.𝑡
in
𝑝𝑐.𝑡

(𝛼−1)
𝛼

− 1]

≤ CPRmax

(12.a)

(12.b)
(12.c)

𝜏𝑐.𝑡 = 𝛽𝑃𝑐.𝑡 .

Panhandle ‘A’ equation is used to model gas flow along a pipe (13).
2
2
𝑝𝑖𝑛
− 𝑝𝑜𝑢𝑡
= 18.43

𝐿
𝜂 2 𝐷 4.854

𝑄1.854

(13)

The linepack of a pipe is proportional to volume of the pipe and average pressure along the pipe
(14.a). The linepack at each time step is equal to the linepack at the previous time step in addition to
any gas accumulation from the previous time step (14.b).
av
𝑝𝑞.𝑡
𝑉𝑞
𝜌𝑍𝑅T
in
out
= LP𝑞.𝑡−1 + (𝑄𝑞.𝑡−1
− 𝑄𝑞.𝑡−1
)

LP𝑞.0 =

(14.a)

LP𝑞.𝑡

(14.b)

The option of producing hydrogen from electricity, and injection of the hydrogen into the gas
network (Power-to-Gas) is also modelled in CGEN. The energy content of hydrogen from electrolyser
is converted to volume of natural gas with the same energy content (15). Due to the small fraction of
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hydrogen in the mixture with natural gas, the impact of hydrogen injection on pressure and flow within
the pipes are neglected.
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑧𝑒𝑟

𝑄𝑒.𝑡

= 𝜂𝑒 𝐻 𝑃𝑒.𝑡

(15)

The electricity storage units were modelled via their storage level (16) and maximum power output
(17).
𝑖𝑛𝑗

𝐸𝑡 = 𝐸𝑡−1 + (𝜂×𝑃𝑡 − 𝑃𝑡 )×𝑡𝑠
𝑃𝑡 ×𝑡𝑠 ≤ min(𝑃×𝑡𝑠. 𝐸𝑡 )

(16)
(17)

Constraints of both networks have to be met simultaneously. More details about the formulation
of gas and electricity networks operation is presented in [15], [16] and [18].
The main linkage between gas and electricity networks is gas-fired plants, however in this study
it was extended to take into account the interaction driven by electrically driven gas compressors and
hydrogen electrolysers.

Operation of the combined gas and electricity system was optimised using a rolling planning
approach presented in Fig. 2. Day-ahead optimal decision for operation of the combined system is made
over typical winter and summer weeks. When optimising the system operation for a day, the model has
perfect foresight on the gas and electricity demand as well as the available wind power within that day
(no uncertainty is associated with the forecasts). However, although the data for the whole week is
available before running the model, the model is blind to the data beyond the current day. After solving
the optimisation problem for a day, the state of the system e.g. linepack, storage, ON/OFF state of the
thermal generating units, are saved and then will be used in time-dependant constraints when running
the model for the next day.
The main reasons for using the rolling planning approach are to a) avoid perfect foresight for
wind out-turn beyond a day in order to more realistically model the operation of energy storage b)
improve the computational performance by splitting a large optimisation problem (the optimisation
problem of minimising the operational costs of gas and electricity networks over a week) into a number
of smaller problems (seven optimisation problems of minimising day-ahead operational costs of gas
and electricity networks).
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Fig. 2 Solution structure of the model

The model was developed using Xpress-Mosel, which is a modelling and a programming
language and solved by Xpress-NonLinear solver [19].
3. Case Studies
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.
Efficacy of the three options, including more flexible gas-fired plants, electricity storage and
Power-to-Gas, to address electricity balancing challenges was evaluated and compared against a
reference case in which no particular measure was considered to mitigate adverse consequence of
integration of large capacity of wind generation into the grid.

Table 1 Electric power supply mix and cost of electricity generation [1]
Capacity
Generation technology
Cost of electricity (£/MWh)
(GW)
Nuclear
9
7
Coal with CCS
4.5
22
Gas
33
2.3* + locational gas price
Wind
52
0
Pumped storage
2.7
Variables**
Interconnector
11.5
100
* £2.3/MWh is variable operating cost for gas-fired generating plants
** Depends on marginal cost of electricity used for pumping water, and overall
efficiency of the plants
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3.1. Descriptions of the cases

Reference case (Ref): In the Reference case no significant means of flexibility are introduced to the
system.
Flexible Gas-fired Plants (FlexGP): It was assumed that a fraction of gas-fired generators that will be
operating in 2030 are operationally more flexible, i.e. faster ramping, lower minimum stable generation
limit, shorter minimum up and down time, and lower start up and shut down costs [20] (see Table 2).
As shown in Table I, total capacity of gas-fired plants in 2030 is 33 GW from which it was assumed 10
GW are flexible plants that are uniformly distributed across the electricity network.
Electricity Storage (Estor): In this case it was assumed that electricity storage with rated power output
capacity of 6 GW (aggregate) and total storing capacity of 24 GWh [21] with round trip efficiency of
80% will be integrated into the GB system by 2030.
Power-to-Gas (P2G): Possibility of injecting hydrogen produced from electricity into the GB gas
network was considered. Total capacity of electrolysers was assumed to be 6 GW with efficiency of
70% [22] for converting electricity to hydrogen. All the busbars in the electricity network (and the gas
nodes connected to them) are potential locations to install electrolysers. No limit was set for capacity
of the electrolysers at each busbars. Taking into account wind generation and electricity demand, the
CGEN model determines the optimal quantity of hydrogen production at each busbars and at each time
step. Hydrogen storage was not considered as part of the Power-to-Gas system. The hydrogen produced
using electricity via electrolysers was assumed to be injected directly into the gas networks.

Table 2 Gas-fired plants parameters
Type
MUT
𝜂
𝑅𝑎𝑚𝑝
/MDT (h)
(%)
(MW/h)
Inflexible
60
4
250
Flexible
60
1
350

𝑃 (% of
capacity)
40
30

Start-up/ Shutdown cost (£)
2000
1000

3.2. Wind generation, gas and electricity demand data

Real hourly electricity demand data for a typical winter week and a typical summer week were
taken from National Grid and scaled up to represent the demands in 2030. Electricity demand was
increased to represent 62 GW peak load in winter, which is expected due to electrification of segments
of heat and transport sectors [1]. Non electric gas demand (i.e. total gas demand excluding gas for
power generation) of 280 mcm/day for winter days and 120 mcm/day for summer days are used [23].
Gas demand within each day is at its maximum during 07:00am to 09:00am and also 18:00 to 20:00.
Hourly wind generation data observed in GB during 15/04/2013 - 22/04/2013 [24] is scaled up to mimic
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52 GW wind that is projected to be installed by 2030 [1]. Wind generation data shown in Fig. 3 is
provided to the model as inputs, and interpreted by the model as potentially available wind power (not
wind power absorbed by the grid). In the studies carried out winter and summer wind generation
patterns are similar, with average capacity factors of 40% and 30% respectively.
80

Power (GW)

70

Electricity - Winter
Wind - Winter

Electricity - Summer
Wind - Summer

60
50
40
30
20
10

1
9
17
25
33
41
49
57
65
73
81
89
97
105
113
121
129
137
145
153
161

0

Time (hour)

Fig. 3 Hourly available wind power and electricity demand.

3.3. Gas and electricity networks

Future GB electricity and gas networks were represented using Fig. 4 and Fig. 5. The figures
illustrate the topologies and spatial granularities of gas and electricity networks.
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Fig. 4 GB electricity network representation

Fig. 5 GB gas network representation [15]

4. Efficacy of Flexibility Options in 2030

4.1. ON/OFF cycle for thermal generating units

Most of the coal units equipped with Carbon Capture and Storage (CCS) technologies operate
throughout the time horizon, due to lower generation costs [25] when compared with gas-fired units.
In addition, CCS-equipped coal units are less flexible compared to gas in providing backup for wind
variation. In contrast to coal units, total number of committed gas-fired units varies frequently and
significantly in both winter and summer weeks, due to variability in wind generation. Aggregate
number of committed gas-fired units in the winter and summer weeks for the Ref case are shown in Fig.
6.
For instance, as shown in Fig. 3 in the winter week, before hour 110 when electricity demand
increases and concurrently wind generation drops, roughly 60 additional gas generating units (with
average capacity of 300MW) become online in 4 hours to ensure meeting electricity demand and
reserve requirement. In the same low wind-high demand situation in the summer week, almost 80 gasfired generating units start up.
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The general pattern of committed units are similar, however, in the case in which storage is used,
the magnitude of fluctuation is lower, as electrical storage absorb electricity in high wind period and

100
Winter
80

Summer

60
40
20
0
1
9
17
25
33
41
49
57
65
73
81
89
97
105
113
121
129
137
145
153
161

Number of committed units

contribute to the electricity supply when wind drops.

Time (hour)

Fig. 6 Number of committed gas generating units for Ref case

4.2. Power generation mix

Contribution of different generation technologies to supplying electricity in the winter and
summer weeks are shown in Fig. 7 and Fig. 8 for the Ref case. Given the inflexible operation
characteristics of nuclear generation, power output from these plants does not vary over time to
complement variability and uncertainty in wind generation.
A limited flexibility is offered through coal power plants equipped with CCS technology. These
plants are all committed throughout the modelling periods, however their power output fluctuates
within their minimum stable generation limit and their total capacity. Gas-fired plants (in the figures as
CCGT) are the main resource of flexibility for management of wind variability. In the fifth day of the
summer and winter weeks very low wind power period coincides with peak electricity demand which
resulted in substantial increase in outputs of gas-fired plants to balance supply and demand, i.e. in the
fifth day of winter week from 4.1GW to 32.3GW, and in the fifth day of summer week from 0.8GW to
29.6GW. In this study price of electricity supplied by interconnectors was assumed to be higher than
the generation cost of the other technologies.
Consequently, as presented in Fig. 7, power supplied by interconnectors fills the gap between
supply and demand during peak hours of the fifth day in the winter week when wind generation is very
low and all the other plants are operating at their maximum capacity.

13

70

Interconnectors

Power (GW)

60

Pumped storage

50

CCGT

40

Coal

30

Wind

20

Hydro

10

Nuclear
Pumping power
1
13
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37
49
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145
157

0

Time (hour)

Wind curtailment
Load

Fig. 7 Generation mix and wind curtailment for Ref case (winter week).

Power (GW)

60

Interconnectors

50

Pumped storage

40

OCGT
CCGT

30

Coal

20

Wind

10

Hydro
Nuclear
1
13
25
37
49
61
73
85
97
109
121
133
145
157

0

Time (hour)

Pumping power
Wind curtailment

Fig. 8 Generation mix and wind curtailment for Ref case (summer week).

Changes in the electricity generated by various types of technologies (over both winter and
summer weeks) in respect to the Ref case are shown by Fig. 9. Electricity generation by nuclear plants
undergoes no changes. In FlexGP case, introduction of flexible gas-fired plants which could provide
more reserve due to their lower minimum stable generation limit and faster ramp rates, resulted in
higher absorption of available wind by the grid. However, these flexible generators, with total capacity
of 10GW, only produce 16GWh more electricity compared to the same capacity of less flexible gasfired plants.
In the Estor case, more wind generation is possible to integrated (less curtailment occurs) which
reduces the output from gas-fired plants (75 GWh) and interconnectors (27GWh). Energy production
by coal CCS also increased because of the energy storage not only supports balancing of the supply
and demand, but also provides reserve, and therefore less flexible and lower cost coal CCS (compared
to the gas-fired plants) operate with higher load factors.
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Introduction of Power-to-Gas (P2G) system boosts the amount of wind absorbed to its maximum
compared to the other case studies. As it can be seen from Fig. 9, there is very small decrease in the
output of other generating technologies. The reason for this is that the increased electricity supply from
wind is used to produce hydrogen and therefore cannot contribute to meeting electricity demand.
In all the cases in which new flexibility options are introduced, the contribution from nondispatchable (wind) and inflexible (coal with CCS) in supplying electricity increased. On the other hand,
electricity generation from gas-fired plants is reduced (FlexGP and Estor cases) or slightly increased
(P2G case).

Changes in electrical energy
production (GWh)
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Wind
Coal
Flexible gas plants
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Interconnector
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-50
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Estor

P2G

-100
-150

Fig. 9 Changes in electricity generation from various type of technologies over both winter and summer weeks compared
to Ref cases.

4.3. Wind Curtailment

Wind curtailment during the winter and summer weeks for different cases are shown in Fig. 10.
Employment of flexibility options led to reduction in wind curtailment. Utilising more flexible gasfired plants in FlexGP case reduced the wind curtailment almost by 20% compare to the Ref case. This
is due to higher ramp rates and shorter up/down time periods of this type of power plants, which
enhances the ability of the plant to manage wind variability. However, in some periods total electricity
generated via wind and must run technologies is higher than demand and because of limited capacity
to store electricity (e.g. pumped storage), yet a significant fraction of electricity from wind has to be
curtailed.
In the Estor case, roughly 10 GWh wind was curtailed during off-peak hours in the first two days
of the winter week when large amount of wind energy is generated. During these periods electricity is
injected to the storage at their maximum capacity.
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Fig. 10 Cumulative wind curtailment in different case studies

In the P2G case, using electrolysers to convert electricity to hydrogen and then injecting the
hydrogen to the gas network eliminate wind curtailment in the winter week, as the volume of hydrogen
that can be injected to the grid (and therefore the electricity demand for electrolysers) can be significant.
In contrast, due to lower gas demand in the summer week which reduces the maximum limit for
hydrogen injection, roughly 5 GWh wind energy cannot be converted to hydrogen and as such is
curtailed.
Although, higher level of flexibility in Estor and P2G cases prevented wind curtailment to a large
extent, the losses of wind energy due to round-trip efficiency of electricity storage (80%) in Estor and
efficiency of converting electricity to hydrogen (70%) and then regeneration of electricity via CCGTs
(60%) in P2G are still significant (Fig. 11). In particular, in P2G the overall efficiency is around 42%
which resulted in higher energy losses compared to storage.
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Fig. 11 Cumulative energy loss in different case studies
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4.4. Gas network operation

Compressor power consumption for the winter and summer weeks of the Ref case is shown by Fig.
12 and Fig. 13. In terms of fuel use, there are two types of compressors operating in NTS: electrically
driven and gas-fired compressors. Electrically driven compressors are operating in Scotland and north
England to maintain gas flow to the demand centres in the south. In general, compressor power
consumption increases by rise of total gas demand in order to maintain gas flow to demand centres and

Compressors power (MW)

keep the gas pressure and linepack within the acceptable range.
500
Electricity driven compressors
Gas driven compressors

400

300
200
100
0

1

13 25 37 49 61 73 85 97 109 121 133 145 157

Time (hour)
Fig. 12 Compressor power for Ref case (winter week)

In the winter week, during high wind days contribution of electrically driven compressors is
increased to make the best use of low cost electricity and therefore contribute to lowering the total
operational cost of the system.
In day 5 of the winter week, low wind generation resulted in less electricity consumption by
electrically driven compressors so that balancing electricity supply and demand to be less challenging
(Fig. 14). In the summer week, due to lower gas demand, gas compressors on average consume 70%
less power compared to the winter week, with minimal share from electricity. Employing both gas and
electricity driven compressors in the gas network provides higher flexibility to the system.
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Fig. 13 Compressor power for Ref case (summer week)
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Fig. 14 Electrically driven and gas compressor power for Ref case

In the FlexGP case, the maximum power consumed by compressors is higher compared to the
other cases, due to larger share of gas-fired plants in the power supply when wind speed drops (Fig.
15). It can be concluded that using more flexible gas-fired plants, will not have significant impact on

%

the total gas demand, however, the maximum gas flow capacity required will increase.
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Fig. 15 Changes of average and maximum compressor power compared to the Ref case

4.5. Operational Cost

Operational cost of the combined gas and electricity network over the typical winter and summer
weeks for various case studies are shown by Fig. 16. Various measures for provision of flexibility have
a role to play in terms of reducing the operational costs of the system. The lowest operational cost was
achieved in the Estor case. In P2G case as the overall efficiency of converting electricity to hydrogen
and then using the produced hydrogen to generate electricity is relatively low, the total operational costs
of the system is higher compared to Estor, yet lower than Ref and FlexGP cases.
Summer
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845
840
835
830

Total operational cost (£ millions)

Total operational cost (£ millions)

Winter
415
410
405

400
395

Fig. 16 Total operational cost of the combined gas and electricity network over the optimisation time horizon (one week)
in winter and summer

5. Conclusion
In this paper a detailed optimisation model for operation of an integrated gas and electricity
system was developed to investigate the system-wide value of various options to address balancing
challenges. Efficacy of employing more flexible gas-fired plants, electrical energy storage and Powerto-Gas system in dealing with wind variation is analysed, including the impacts on the GB gas network.
All the flexibility options were demonstrated to have a role in facilitating cost effective
integration of variable renewable generation through reducing wind curtailment and operating costs of
the integrated gas and electricity system.
It was shown that the employment of more flexible gas-fired plants although contributes to
lowering operational cost of the electricity network, it results in lower utilisation factor for these
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generators. The flexible gas-fired plants mainly provide reserves and therefore less flexible plants can
operate with higher load factors. Furthermore, the use of more flexible gas-fired plants increases the
difference between maximum and average power consumption by compressors in the gas network. This
is primarily due to the increased magnitude of fluctuations in gas demand for the flexible gas-fired
plants.
The lowest operational cost was achieved through using electrical energy storage. The use of
electrical storage reduces the magnitude of fluctuations in power output from gas-fired plants and
consequently reduces variations of compressors power consumption and linepack.
The Power-to-Gas system introduces a large energy storage capacity (in the form of gas) which
results in complete absorption of wind power. One of the advantages of the Power-to-Gas system is
that excess electricity can be converted to hydrogen and then transported via gas network to the demand
centres, which helps to bypass power transmission congestion.
As this work focused on quantifying the benefits of alterative technology options in operating
integrated gas and electricity networks, future work needs to include development of the business case
for the options considered taking into account investment cost implications and the overall system
emissions performance. Furthermore, it will be important to examine the suitability of the present
market arrangements and their ability to reward flexibility services provided by the options considered.
As demonstrated, investment in flexible gas generation would reduce their load factors, while
increasing load factors of less flexible plant, and it is not clear if the present market provides sufficient
rewards for benefits delivered.
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