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The recycling of carbon dioxide (CO2 ) into synthetic fuels via Power-to-Gas (PtG) could represent an important
instrument for achieving the complete decarbonization of the energy sector. To address such issue, this paper
calculates the investments in PtG units, grid reinforcements and renewable installations that allow the almost
complete recycling of the CO2 emissions of a countrywide electric power system. Furthermore, this work
evaluates the feasibility of gas and electric operations in the new system configuration. The analysis is enabled
by coupled gas and electric network modelling. The necessary PtG station installations and overhead line reinforcements are identified via scenario-based cost optimization. Hourly operations of electric power plants are
scheduled as a sequence of day-head security-constrained unit commitment problems. A transient gas flow
model assesses the capability of the gas network to act as short- and long-term storage of synthetic gas. The
developed framework is applied to the electric and gas transmission networks of Great Britain, whose investments and operations are investigated for increasing renewable capacity levels based on the 2030 Gone Green
case. Results show that almost complete CO2 recycling is achieved if the installed renewable capacity is approximately three times as large as the 2030 Gone Green estimates. The investments comprise 114 GW of PtG
capacity and the construction of 23 electric parallel lines. Remarkably, gas network operations do not represent a
limit to the storage of large amount of synthetic methane. Moreover, PtG stations are preferentially installed at
locations with large RES capacity and foster large renewable penetration; only small curtailments occur even for
large renewable capacity levels. These results support decision makers by quantifying the techno-economic
implications of the presented extensive CO2 recycling strategy.

1. Introduction
Greenhouse gas (GHG) emissions are one of the biggest societal
concerns due their effects on climate change and global warming [1].
European institutions have investigated GHG emission mitigation
strategies to achieve 80% GHG reduction by 2050 as compared to the
emission levels of 1990 [2]. Among the identified solutions, the complete decarbonization of the energy sector is of primary importance
and, to this end, large investments in renewable installations and
transmission capacity, and extensive use of carbon capture and storage
(CCS) are anticipated. While CCS is a well-known technology, its diffusion worldwide was limited to 15 operating large-scale projects in
2016 [3], mainly due to public acceptance and economic reasons.
However, the energy price of CCS-enabled power plants is (optimistically) expected to decrease to the level of the wholesale electricity price
by 2030 [4]. Further cost details on CCS technology can be found in [5].

⁎

Once captured, CO2 can be stored in underground reservoirs, depleted
oil and gas fields and seabed. Alternatively, it can be utilized for the
synthesis of polymers, fuels and chemicals [6]. In the latter case, the
definition of carbon capture and utilization (CCU) is more appropriate.
Among CCU alternatives, Power-to-Gas (PtG) has recently attracted
the interest of the research community. PtG enables the synthesis of
hydrogen (Power-to-Hydrogen) or methane (Power-to-Methane) from
water and CO2 . Initially, water is decomposed in oxygen and hydrogen
via electrolysis. The resulting hydrogen is then combined with CO2 via
the Sabatier reaction [7] to form methane (CH 4 ), which can be stored in
the existing gas infrastructure. In contrast to CH 4 , only a limited
amount of hydrogen can be injected in the gas grid due to its chemical
and physical properties [8]. Storing the synthetic CH 4 in pipeline assets
prevents the construction of additional storage capacity, and simplifies
the logistic of transporting the synthetic gas from producers to consumers. Furthermore, the synergies between renewable energy sources

Corresponding author.
E-mail addresses: andrea-antenucci@ethz.ch (A. Antenucci), sansavig@ethz.ch (G. Sansavini).

https://doi.org/10.1016/j.rser.2018.10.020
Received 11 July 2018; Received in revised form 11 October 2018; Accepted 17 October 2018
1364-0321/ © 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/BY/4.0/).

Renewable and Sustainable Energy Reviews 100 (2019) 33–43

A. Antenucci, G. Sansavini

Nomenclature

Scgu
SCk
SF
f
SPkts
off
Tg
Ton
g
VOLL
WCw
WF
f
WPwts
Y

Abbreviations

CCGT
CCS
CCU
CHP
DC
GB
GFPP
GHG
OCGT
PP
PS
PtG
RES
RoR
WP C

Combined cycle gas turbine
Carbon capture and storage
Carbon capture and utilization
Combined heat and power
Direct current
Great Britain
Gas-fired power plant
Greenhouse gas
Open cycle gas turbine
Power plant
Pumped storage
Power-to-Gas
Renewable energy sources
Run of the river
Wind power curtailment

Indices
d
g
g
i
k
l
r
s
t
w
x
x

Constants

t
/L
h/L

x
x

a
b
CAP PtG
C
c
D
Ē day
GRcg
G
g
HHV
H
h
Ici
Īi
Lcl
¯l
LF
LR
L
Ltsf
NS
ps
Pc
PG
P̄g
Pg
P̄r
Rcr
RoR
RRgd
RRgu
Rreq
Scgd

Start-up cost of unit g [£ ]
Curtailment cost of solar farm k [£/ MWh ]
Set of solar farms
Power forecast of solar farm k at time t of day s [MW ]
Minimum down-time of unit g [h]
Minimum up-time of unit g [h]
Value of lost load [£/ MWh ]
Curtailment cost of wind farm w [£/ MWh ]
Set of wind farms
Power forecast of wind farm w at time t of day s [MW ]
Hours in a year [h]

Time granularity [h]
Constant temperature gradient [K / m ]
Constant elevation gradient
Efficiency
Efficiency of GFPP g
Efficiency of PtG units at bus x
Efficiency of PtG units at bus x
Absolute temperature [K]
Coefficient of hydraulic resistance
Pipe cross section [m2 ]
Gas constant [m3/ kg ]
PtG plant capacity [MW ]
Set of interconnectors
Speed of sound [m / s ]
Pipe diameter [m]
Daily CO2 emission limit [t]
Operation cost of unit g [£/ MWh ]
Set of conventional generators
Acceleration of gravity [m / s 2 ]
High heating value [MJ / kg ]
Time horizon [h]
Height of pipe element [m]
Import cost of interconnector i [£/ MWh ]
Capacity of interconnector i [MW ]
Cost of reinforcing line l [£ ]
Power rating of line l [MW ]
Set of electric lines
Length of a pipe [m]
Electric demand at time t of day s [MW ]
Set of representative days
Number of represented days
Cost of PtG installation [£/ MW ]
Set of buses
Capacity of unit g [MW ]
Minimum stable generation of unit g [MW ]
Capacity of RoR unit r [MW ]
Curtailment cost of RoR unit r [£/ MWh ]
Set of RoR units
Ramp-down limit of unit g [MW / h ]
Ramp-up limit of unit g [MW / h ]
Reserve requirement [MW ]
Shut-down cost of unit g [£ ]

Index
Index
Index
Index
Index
Index
Index
Index
Index
Index
Index
Index

of
of
of
of
of
of
of
of
of
of
of
of

day of the year
conventional generating unit
GFPP subjected to gas curtailments
interconnector
solar farm
electric line
RoR unit
representative day
time
wind farm
bus
bus with PtG units subjected to gas curtailments

Other symbols
x

,

t

Space and time partial derivatives

Variables
gts

gts

l
x

rts

CAP PtG
CF PtG
Ets
G
Gc
Iits

Jc
Jxts
LFlts
LSts
Lts
m
P
Pgts
Prts
PtG
Pxts
c
SPkts
SPkts
T*
T0

34

Indicator variable for the start-up of unit g at time t of day
s (1 if unit g is started up at time t of day s)
Indicator variable for the shut-down of unit g at time t of
day s (1 if unit g is shut down at time t of day s)
Indicator variable for the reinforcement of line l (1 if line l
is reinforced)
Number of installed PtG plants at bus x
Gas density [kg /m3 ]
Curtailment of RoR unit r at time t of day s [MW ]
Speed of the flow [m / s ]
Total PtG capacity installed [MW ]
PtG capacity factor
CO2 emission at time t of day s [t / h ]
Set of GFPP subjected to gas curtailments
Gas curtailment [m3]
Power import from interconnector i at time t of day s
[MW ]
PtG gas injection curtailment [m3]
Gas injection of PtG at bus x and at time t of day s [kg /s ]
Power flowing in line l at time t of day s [MW ]
Electric load shedding at time t of day s [MW ]
Supplied electric demand at time t of day s [MW ]
Mass flow rate [kg /s ]
Power output [MW ]
Power generation of unit g at time t of day s [MW ]
Power generation of RoR unit r at time t of day s [MW ]
Power demand of PtG at bus x and at time t of day s [MW ]
Curtailment of solar farm k at time t of day s [MW ]
Power generation of solar farm k at time t of day s [MW ]
Gas curtailment duration [h]
Start time of gas curtailment [h]
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c
WPwts
WPwts
X

Curtailment of wind farm w at time t of day s [MW ]
Power generation of wind farm w at time t of day s [MW ]
Set of buses with PtG units subjected to gas curtailments

Xgts

(RES) and PtG can enable additional, secure penetration of renewables
into the power system. Indeed, PtG facilities can exploit the curtailments of the excess renewable power that cannot be fed into the electric
grid, and synthetic CH 4 can act as short-term and seasonal energy
storage to compensate for the fluctuations and the variability of renewables. However, the fuel produced via PtG contributes to the
abatement of CO2 emissions by 50% at most (“avoided” CO2 ) in comparison to a reference system without CCU [9]. This occurs because the
CO2 content of the synthetic CH 4 is released into the atmosphere at the
moment of usage and, depending on the application, it may not be
possible to capture it again. This disadvantage affects the 75% of CCU
products [10].
Here, PtG technology and large-scale storage provided by the gas
infrastructure are combined in a dynamic process, in which the CO2
emitted by the combustion of fossil fuels in power plants is confined in a
cycle of chemical transformations that prevents its ultimate release into
the atmosphere. Specifically, the techno-economic feasibility of exploiting Power-to-Methane for recycling the CO2 emitted by the electricity sector on a countrywide scale is evaluated. Via the proposed
process, PtG can be employed as a CCU technology that contributes to
the GHG abatement, and the further production of CO2 from the use of
fossil natural gas is hindered.
The conducted analysis comprises technical and economic challenges. In fact, the amount of CO2 to recycle requires large power
supply to PtG stations that must be delivered by excess RES power in
order not to use electricity produced by fossil fuels and further exacerbate CO2 emissions. Therefore, investments in PtG, i.e. the decision
on sizing and siting PtG stations, need to be optimized considering the
volatility and the distribution of RES. Furthermore, additional investments in line reinforcements need to be allocated for handling the
power required for the operations of PtG stations. Finally, the ability of
the gas transmission infrastructure to accept and route the gas from PtG
stations, while ensuring operations within the usual pressure safety
envelops, needs to be evaluated.
In this work, investments in PtG installations and electric line reinforcements are minimized through a scenario optimization approach
that employs representative days. The electric energy system is evaluated on a yearly basis with an hourly resolution and operating costs
are minimized on a timespan of 24 h. A transient model for the gas
transmission infrastructure is employed for checking the feasibility of
the computed gas-fired power plant (GFPP) fuel requirements, storage
dynamics, PtG injections and non-electric off-takes. Constraints to the
output of GFPP and PtG are set in the yearly optimization in order to
prevent maximum or minimum pressure violations that may occur in
the gas grid, and the process is iterated until no pressure violations
occur. The reference infrastructures for this study are the simplified
high-voltage power transmission and the detailed gas transmission
network of Great Britain (GB) under the 2030 Gone Green case [11].
The recycling level of CO2 achieved in the system, the PtG capacity
factors and the amount of gas and electric power consumed and produced are evaluated for increasing levels of renewable capacity, i.e. for
increasing power available for the operations of the PtG units.
The contribution of this paper is twofold: (a) PtG is evaluated as a
possible candidate technology for extensive CO2 recycling; electric
generation-related CO2 emissions and the constraints from the electric
and gas network operations are considered. (b) The study quantitatively
investigates the most compelling arguments revolving around large
scale CO2 recycling, i.e. RES power requirements, infrastructure investments and operations safety constraints. This is enabled by the
explicit modelling of the combined gas and electric infrastructures.
Therefore, the results of this research support decision-making for long-

Indicator variable for the commitment state of unit g at
time t of day s (1 if unit g is on-line at time t of day s)

term energy and climate policies [12], and enable comparisons among
different GHG abatement strategies, e.g. the transition to a 100% renewable electric power system or the permanent storage of CO2 in
conventional locations, e.g. in underground reservoirs.
The remainder of the paper is organized as follows: Section 2 reviews the state of the art on interdependent gas and electric systems
hosting large shares of renewables and PtG. The overview of the developed methodology is provided in Section 3; Section 4 details the
electric optimization model, the gas transient simulation, and the
models of PtG stations and of CO2 capture and reuse; Section 5 presents
the reference infrastructures of GB used as case study and describes the
assessments; results are reported in Section 6. Finally, conclusions are
drawn in Section 7.
2. Literature overview
2.1. Accommodating renewables into the electric and gas infrastructures
Integrating large shares of RES into the energy system is one of the
most important means to achieve the decarbonization of the electric
sector. Therefore, in the last years, authors have focused on investigating the effects of integrating RES in the energy transmission
infrastructures, i.e. gas and electric networks. In the literature, there is a
well established narrative on combined gas and electric system analysis
under large RES penetration, which addresses the challenges stemming
from volatile and uncertain energy sources. According to [13,14], when
an important share of renewable enters the electric system, GFPPs are
exploited to a large extent as balancing elements. This translates into
fluctuating gas demands at the GFPPs off-takes, which represent an
additional burden on the gas system and result in increased gas flows
and compressor power [13]. The cascading fluctuations phenomenon
due to RES variability in the coupled networks is also studied by [15] in
the Transco gas transmission network. In this work, the gas network
locations that are subjected to stationary mass flux reversal are particularly sensitive to the cascading phenomenon. However, not all fluctuations may endanger the system operations. In fact, the gas system
can adapt to RES variabilities and uncertainties via the cushion effect
provided by linepack [16].
Uncertainty in RES power generation is addressed under the operational and reliability perspectives, and several methodologies are
developed to support these analysis, based on robust optimization
[17,18], interval optimization [19], stochastic optimization [20–22]
and Monte Carlo methods [23]. The considerations stemming from
uncertain RES forecasts span from economic to security aspects. In fact,
the integration of RES power requires adequate reserve scheduling,
provided by fast and expensive generators such as GFPPs, which are
subjected to risks related to gas price fluctuations and fuel availability.
According to [20], some of these risks may be hedged against by the
exploitation of wind energy with zero marginal cost, which is not affected by market fluctuations. Nonetheless, several authors indicate
that fuel unavailability due to inadequate gas transportation capability
could cause the redispatch of generation ancillary services, in particular
during low wind power production times [21,24]. As a possible mitigation strategy and to optimize energy flows across the gas and the
electric system, [19] and [25] investigate demand-side response in
combined gas and electric grids, and quantify the associated savings in
GB. Furthermore, in order to support pressure levels in the gas system
and to enhance fuel availability, [13] highlights the possibility of employing dual-fuel gas-fired plants and shows the need of additional gas
storage capacity. This is supported also by [23], where a study is conducted on the reliability of the coupled electric and gas systems by
35
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considering uncertainties on outages, load and RES fluctuations.
2.2. PtG and CO2 recycling
With regards to gas storage, PtG is considered as an emerging
conversion technology that could provide additional flexibility to the
interdependent gas and electric systems. As such, PtG may promote RES
integration and reduce anthropogenic carbon emissions. However,
rarely in the literature PtG is studied under the carbon recycling perspective and more often authors focus on PtG techno-economic feasibility studies [26]. To this regard, [27] provides an extensive literature
review of works on PtG, and classifies them in five categories: system
structure, state of the system, operation of the system, time frame and
market. The majority of the papers under examination study the electric
transmission system for feasibility assurance in normal operating conditions and with a one day to one year time frame. Studies of PtG in GB
[28–30] and Germany [31] show that the optimal placement and sizing
of PtG stations bring benefits to the system, in terms of cost reduction,
renewable integration, reduced electric and gas network congestions
and CO2 emissions. A decrease in renewable curtailments and a lower
dependency from gas imports is also found in [32], where PtG is
exploited for seasonal storage in GB. Furthermore, [33] highlights the
synergistic effects between the electric system and PtG that allow a
reduction of the long-term storage capacity, in a study conducted in
North-East Asia. However, PtG may carry also some drawbacks. At the
economic level, PtG is less competitive than other storage technologies,
such as pumped hydro or compressed air [34]. Moreover, PtG represents a solution for dealing with power surplus rather than for satisfying gas demand in an economic way [26]. About the impact on the
gas network, concerns are raised against the widespread introduction of
PtG, in the case only hydrogen is injected instead of methane, due to
large pressure drops in the pipelines [32]. In this regard, a thorough
investigation of the gas system behavior under PtG injections of hydrogen is evaluated in [8], where the local decrease of the most important physical characteristics of the natural gas, such as high heating
value, Wobbe index and gas gravity, is quantified after mixing with
hydrogen. A second troublesome aspect is highlighted by the work of
[35], where PtG is found to partially transfer the issue related to the
volatility of RES from the electricity to the gas system, albeit network
constraints are not considered.
While the mentioned papers provide rich analysis on a systemic and
economic level, they do not address the issues connected to CO2 recycling. In particular, the in-feed of CO2 for PtG stations, coming from
power plants or other sources, is not considered. On the other hand, the
availability of CO2 for PtG applications is evaluated by other authors in
Austria [36], Ireland [37] and Germany [38]. These works analyse GHG
emitting sources for PtG applications, but their results on CO2 balances
ignore constraints that are introduced by the operations of the gas and
electric infrastructures. They show that the conversion of the abundant
CO2 emitted in the investigated systems would require several times the
capacity of the nowadays renewable plants.

Fig. 1. Scheme of the coordinated electric and gas models.

phase to reduce computational time. The optimized investments in line
reinforcements and PtG stations are passed as parameters to the second
stage, where the system operations are analysed on an hourly time
resolution. The modelling of the operations includes the set of power
plant generation outputs, power imports and the volumes of the load
shedding and of RES curtailments. The second-stage optimization is
solved as a sequence of time-linked, consecutive daily optimizations,
where information on the status of the power plants are passed from
one day to the consecutive one. The daily optimizations encompass oneyear timespan and employ the adapted historical power demand and
RES power generation time series, which are utilized for the definition
of the representative days. Although this approach does not guarantee
to find a global annual optimum, due to the fragmentation of the optimization horizon, it largely reduces computational time and it is
equivalent to performing a series of day-ahead planning. Forecast errors
on the electric demand and on the RES electricity production profiles
are not considered. Since the global optimum solution to the yearly
security-constrained unit commitment problem is beyond the scope of
this work, the exploited method represents a good compromise between
computational efficiency and result accuracy. GFPP production profiles
are converted into gas off-takes and added to non-electric gas demands,
i.e. gas consumption by households and industries. GFPP gas requirements are approximated by the linear relation moff take = P /(HHV · )
[24], where P is the power generated by the GFPP [MW ], HHV is the
high heating value of methane [MJ / kg ] and is the overall efficiency of
the specific GFPP. A transient one-dimensional gas network model simulates the operations of the gas network under the computed gas
demands and gas injections from PtG. For safety and contractual reasons, pressures in the gas network must remain within maximum and
minimum limits. If minimum pressure violations occur, a constraint on
the power output of the GFPPs located nearby the violated node is
formulated. Similarly, if maximum pressure violations occur, which
cannot be alleviated by modifying the terminals injection schedule, PtG
injections are limited in the violated area. In case of pressure violations,
the yearly security-constrained unit commitment of the electric system
is computed again, and the procedure is repeated until pressure safety
margins are respected. Finally, the long-term design and planning of the
infrastructure is validated against the hourly operations of the electric
power and gas transmission networks. By doing so, the error induced by
representative days in the scenario optimization is quantified.

3. Methodology overview
Fig. 1 illustrates the employed modelling approach. Two different
time scales are considered, i.e. the design and the operational scale,
which are addressed by employing a two-stage optimization. In the
design stage, PtG station locations, capacities and line reinforcements
are identified via a scenario optimization approach, employing representative days. Thirteen representative days are generated via the
spectral clustering technique [39] from the historical wind speeds, solar
generation and electric load time series, which are scaled up or down to
match the characteristics of the case study under investigation, such as
the yearly electricity consumption and RES generation profiles. The
time series of one-year timespan are considered for taking RES seasonal
availability into account. Benders decomposition [40] is utilized in this
36
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4. Model description

LSts = Ltsf

Lts

(10)

4.1. Infrastructure design and planning

0

f
WPwts

(11)

c
WPwts
=

The locations and capacities of PtG stations and of line reinforcements are calculated via a cost minimization problem (Eq. (1)) that
considers s NS representative days with hourly resolution ( t = 1 h,
t H ).
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k SF
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c
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·SCk

(3)
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g 1
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t
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LFlts
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(4)

t
H
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gts ·(H
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H
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g + 2, H

t
off

t+T g

(19)

=0

¯l
(1 + l )· LF

I¯i

(20)
(21)
(22)

The minimum number of PtG stations and of overhead line reinforcements are indicated by (2) and (3), respectively. Generator operations
off
are bounded by: minimum up- (Ton
g ) and down-time (T g ) constraints
(4)–(5), the rated capacity and minimum stable generation of each unit
(6), the maximum ramp-up (RRgu ) (7) and ramp-down (RRgd ) (8) capabilities. Load shedding is limited to the load at each bus (9), (10), wind
and solar power productions are limited by RES availability (11), (13),
as well as wind and solar curtailments (12), (14). (15) indicates RoR
curtailments. PtG power consumption is limited by PtG capacity constraints (16) and availability of RES power into the grid (17). Furthermore, the electric system must fulfil reserve requirements (18),
emission constraints specified on a daily basis (19), DC flow equations
and load/generation balance at electric nodes (20), line capacity limits
(21) and it is characterized by limited electric power imports (22).
Constraint (17) prevents electricity generated via fossil fuels to be used
for powering PtG stations. P g and P̄g represent the minimum stable
generation and the capacity of generators, respectively. Xgts is a binary
variable which is equal to one if generator g is on-line at time t, or zero
otherwise. Rreq are the reserve requirements, Īi represents the capacity
of the interconnector i with other countries, Lts is the supplied electric
f
f
demand, Ltsf is the electric demand, WPwts
and SPkts
represent the
PtG
available wind and solar power profiles, respectively. Pxts
is the re¯ l are the power flow
quired power from PtG station at bus x, LFlts and LF
in line l and its power rating, respectively. Additionally, optimality and
feasibility cuts, required by the Benders decomposition methodology,
are added to the master problem based on [41,42].
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1, H

Iits

(17)
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Load shedding cost
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Line 1 in (1) includes the variables concerning the investment costs,
i.e. the number ( p ) of PtG to install over possible locations ( x PG )
and which overhead line to reinforce ( l ) in the system (l LR ). When a
overhead line is reinforced, its capacity doubles. The capacity of each
PtG installation is assumed to be 400 MW (CAP PtG ). The remaining lines
in (1) include the daily operating costs, weighted by the number of
represented days ps , i.e. start-up ( gts ), shut-down ( gts ) and production
(Pgts ) costs of generators ( g G ), imports (Iits ) from interconnectors
c
(i C ), load shedding (LSts ), wind curtailment (WPwts
) for each wind
c
farm (w WF ), solar curtailment (SPkts ) for each solar plant (k SF )
and curtailed run of the river power (RoR)( rts ) for each RoR station
(r RoR ). Eq. (1) also reports the costs of building PtG stations (Pc ),
reinforcing electric overhead lines (Lcl ), generator start-up (Scgu ), shutdown (Scgd ) and operations (GRcg ), import (Ici ), load shedding (VOLL ),
wind (WCw ), solar (SCk ) and RoR (Rcr ) curtailments.
The optimization problem in (1) is subjected to the following constraints:
x
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4.2. Analysis of electric and gas operations

Toff
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1, H

t

4.2.1. Electric network operations
The number and location of PtG stations and line reinforcements
determined in the optimization of Section 3 are passed as parameters to
the second-stage optimization. This optimization is performed day by
day for one entire year. The information on the generator statuses and
set points is exchanged between consecutive days, in order to enforce
coherent ramp rate, up- and down-time constraints across the timelinked daily optimizations. Formally, the optimization minimizes the
costs expressed by the last three lines of (1), under constraints (4)–(22)
for each day d of the year. Since the entire year is considered, a scenario
approach is no longer required, therefore NS = 1 and ps = 1.
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Furthermore, in Eqs. (23)–(26), (29), (30) the index s is removed. For
d > 1, constraints (4), (5), (7) and (8) are reformulated to account for
the generator commitment status during the previous day d 1:
gt

gt

= Xgt

Xg (t

t + T on
g 1

on
gt ·T g

Xgt

t

1)

t

[1, H ]

function relates the gas price to the gas injected and extracted from the
gas system. Synthetic gas intakes and GFPP off-takes are computed in a
two-stage optimization of the electric system operations. When the gas
price difference computed between two consecutive iterations is below
a required tolerance, the procedure stops.

(23)

T on
g + 1

1, 2·H

4.2.3. Gas curtailments formulation
If small linepack levels below safety values occur, the operator of
the gas network sheds interruptible loads, i.e. the g G gas-fired
power plants located in the violated zone, in order to guarantee contractual minimum pressures to customers having firm contracts. This
procedure is modelled by limiting the power output of the gas-fired
plant g G via the constraint:

t
2·H

Xgt

gt ·(2· H

Ton
g + 2, 2·H

t + 1) t

2· H

off
gt ·T g

1, 2· H

t
off
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1

(1

Xgt )

t

Toff
g + 1

t
2·H

(1

Xgt )

gt ·(2·H

t + 1) t

2· H

Toff
g + 2, 2·H

t

Pgt
Pg (t

Pg (t
1)

1)

Pgt

(1

u
gt )·RR g ·
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gt ·P g

(1

d
gt )·RR g ·

t+

gt ·P g t

t

[1, H ]

(25)

[1, H ]

(26)

T0

4.2.2. Gas network operations
The gas network analysis implements a transient, one-dimensional
flow model, with a time resolution of 5 s. The mass balance (27) and
momentum Eqs. (28) are solved via an implicit finite difference scheme
with intermediate step [43]:

x

+

·| |
·m +
2·D ·a ·c 2

h
1
m
+ (1 + b · )·
+
·
=0
L·c 2
·L
a·c 2 t

(PxPtG
t

T0+ T *
T0

Gc

· dt

(29)

x X

PxPtG
t )·
HHV

x

· dt

Jc

(30)

where x is the conversion efficiency of PtG units at bus x and J c is the
overall reduction of synthetic gas injections in the zone where the
violation occurs.

(27)

g·

g G

Pg t

g · HHV

where T0 is the time at which the curtailments begin, T* is the curtailment duration, Gc is the total gas curtailment of GFPP G in the zone
where the minimum pressure violation occurs, is the electric efficiency
of g and ^• indicates the values of the latest optimization iteration [21].
Conversely, if large linepack levels above safety values occur, and
gas intake from terminals cannot be effectively redistributed, PtG injections are limited in the violated zone. This procedure is modelled by
X,
limiting the electric power required by the PtG plants at bus x
situated in the zone where the violation occurs. This is implemented via
the constraint:

In (23), (25) and (26), the quantities with time index t 1 = 0 take
on the values computed during hour H of the previous day d 1. In
(24), gt , gt , Xgt are equal to their computed values in day d 1 for
t [1, H ]. Furthermore, additional constraints on GFPP outputs and
PtG station power requirements can be set in case of minimum and
maximum pressure violations, respectively, as a result of the gas transient analysis as described in Section 4.2.3.

m
+ a·
=0
x
t

Pg t

T0+ T *

(24)

4.3. PtG model

(28)

PtG stations can be placed at each electric bus and are connected to
the gas infrastructure via the closest gas node. The choice of optimizing
the PtG station siting with respect of the electric buses, rather than the
gas nodes, allows to optimally cope with RES fluctuations in the electric
network. Furthermore, the slow dynamic of the gas network provides
the needed buffer capability to deal with the cascading fluctuations
from the electric to the gas grid. PtG stations inject methane, which is
assumed to be compatible in composition, pressure and temperature
with the natural gas already stored in the gas grid. The injection Jxts of
PtG
· x /HHV , where x is
the PtG stations at bus x is computed as: Jxts = Pxts
the total conversion efficiency of the PtG units [45].

where m is the mass flow rate [kg /s ], a is the pipe cross section [m2 ],
is the gas density [kg /m3 ], g is the acceleration of gravity [m / s 2 ], h is the
height of the pipe element [m], is the speed of the flow [m / s ], is the
coefficient of hydraulic resistance, c is the speed of sound [m / s ], D is the
pipe diameter [m], is the absolute temperature [K], L is the length of a
/L and h/L represent
pipe [m], b is the gas constant [m3/ kg ].
temperature and elevation gradients along the pipe, respectively.
The linepack, i.e. the amount of gas stored in the pipelines, is
evaluated for the entire network, and separately for each zone in which
the network is divided [21]. Terminals, i.e. the locations where the
imported gas enters the national transmission system, supply gas based
on the forecasted gas demand. Except for relieving maximum pressure
violations, the daily gas supply from terminals is constant due to
technical and regulatory restrictions [24], and the unbalance between
demand and supply produces linepack variations. However, the total
daily supply is scheduled to match the total forecasted daily consumption as to restore the system linepack to its initial level within a
balancing period of one day. If maximum pressure violations occur, the
gas injections from terminals in the violated zone are decreased, and
injections in zones characterized by small linepack are increased. Storage injections and withdrawals are regulated by price signals, as specified in [32]. Gas prices are taken from the GB historical dataset of the
years 2015 and 2016 [44]. It is assumed that PtG gas injections and the
GFPP gas off-takes have no effects on price variation. To take into account the impact of synthetic gas injections on gas price variations, an
iterative procedure is suggested by [32]. In this work, a piecewise linear

4.4. CO2 capture and storage model
The CO2 -emitting electric power plants (PP) are assumed to be
equipped with CO2 sequestration technology, with a capture efficiency
of 0.9. Electric power imports from interconnectors are also accounted
for into the total CO2 emissions. Nuclear, hydro, pumped-storage (PS)
and RES generation are considered carbon-free. As in [35], the captured
CO2 is available to all PtG stations without restrictions. Therefore, this
work neglects possible bottlenecks in CO2 transportation and availability, which would require further studies and simulations of the
mobilization of CO2 via pipeline, ships, trains or trucks. Alternately, PtG
stations could be sited near the production sites of CO2 , or direct extraction of CO2 from the atmosphere could be considered.
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5. Case study
5.1. Gas and electric network data
The developed methodology is applied to the operations of the highvoltage electric and the high-pressure gas networks of GB considering
the 2030 Gone Green case [11,46]. Representative days are extrapolated from the historical wind speeds, solar generation and electric
load time series of 2015 [44]. The gas network infrastructure is detailed
in [47]. Compressor stations employ a constant compressor ratio and
their nominal power is 50 MW . The normal operations of the gas network, under particular combinations of synthetic gas injections and
GFPP off-takes, may lead to reverse flow in compressor units. In this
case, the gas flow is re-routed through compressor bypasses. The
pressure safety range in the gas network is 38–85 bar [48]. The total
non-electric gas load is reported in [44]. The electric network data are
taken from [49]. The total electric load amounts at 403 TWh [11]. The
projected generation technology mix for the year 2030 is described in
[11], and wind capacity amounts at 51 GW out of 147 GW total generation capacity. To prevent the release of CO2 into the atmosphere, all
coal-, gas- and biomass-fueled power plants, for an overall rated power
of 50 GW , are equipped with CCS technology. In comparison, [11]
envisages a maximum CCS installed capacity of 13.6 GW in GB by
2035, i.e. 35.7% of the capacity of CO2 -emitting power plants. Moreover, a penalty cost of 10000 £/ MWh is assumed for the shedding of
load [50], and of 500 £/ MWh for the curtailment of wind, solar and RoR
generation [51]. A high value for the penalty costs of RES curtailments
is chosen with the aim of fully exploiting the RES potential via PtG
stations. Furthermore, electric line power ratings are taken from [46].
Finally, investment costs are computed on a yearly base, and are applied every year within the projected useful lifetime of the specific
components, i.e. 7 years for PtG stations and 40 years for overhead
lines. Therefore, the annual investment costs of PtG is 139.8 £/ kW [52],
and 1.27*10 4 £/ km for the reinforcement of a overhead line of rating 2
GW [53]

Fig. 2. 13 representative days of electric demand, wind and solar power for
‘RES x1’.

operations of the gas infrastructure.
6.1. Optimal PtG sizing and line reinforcements
Line reinforcement actions and the siting and sizing of PtG stations
are optimized using thirteen scenarios generated via the spectral clustering technique, as described in Section 3. The number of scenarios is
chosen by evaluating the root mean square error computed between the
representative days and the historical time series, for an increasing
number of representative days, as in [54]. Fig. 2 shows the diverse
combinations of electric load, wind and solar power generations that
are summarized by the chosen representative days in ‘RES x1’.
For the investigated RES capacity levels, Fig. 3 illustrates the reinforced electric lines and the electric buses at which PtG stations are
installed. The comparison of Fig. 3a to 3c shows that the increased
penetration of RES fosters the installation of PtG stations, which are
powered by renewable electricity otherwise curtailed. In ‘RES x1’, the
capacity of PtG stations amounts at 8.8 GW , while in ‘RES x3’ it reaches
114.4 GW (i.e. the 42% of the total generation capacity in ‘RES x3’).
Remarkably, PtG stations are preferentially installed at locations with
large RES capacity in almost all capacity levels. In this way, the large
amount of power injected into the system by wind generation can be
consumed locally preventing transmission line congestions.
The number of reinforced lines slightly decreases with the level of
RES penetration and with the increase of PtG units, as shown in Fig. 3a
to 3c. Line reinforcements indicate that power transmission capacity is
strengthened for facilitating the injection and utilization of power from
RES. For instance, the reinforcement of lines connecting bus 27 to the
rest of the network allows the supply of wind power from the periphery
to the core of the system. At the same time, large investments in line
reinforcements, i.e. lines connecting bus 1 to bus 7 and to bus 2, are
allocated to Scotland where wind farms are abundant, and to the northsouth national transmission corridor.

5.2. Assessment description
The two-level optimization for the design and the operations of the
electric and gas infrastructures presented in Section 4, quantifies the
number and the locations of PtG stations and the actions of line reinforcements, the hourly electric generation profiles, the total energy
generation by sources, the CO2 emissions, the requirements of CO2 by
the PtG stations and the gas network operations (detailed in Section
4.2.2 and 4.2.3). In addition to the 2030 Gone Green case [11,46], the
optimization is also performed for increasing levels of renewable generation capacity. The aim is to understand and quantify the biggest
obstacles to the realization of the recycling of the CO2 emitted by the
electricity generation, in terms of (a) the required amount of renewable
energy production and (b) the limitations imposed by gas and electric
infrastructures. Therefore, three levels of installed renewable capacity
are investigated: in ‘RES x1’, renewable penetration is consistent with
the 2030 Gone Green case in Section 5.1; in ‘RES x2’ and ‘RES x3’, wind
and solar plant capacities are increased by a factor of 2 and 3, respectively, under the assumption that RES plant locations are unchanged.

6.2. Electric system operations optimization
The optimization of the electric system operations provides the set
points of generators with a hourly resolution for the entire year. Fig. 4
shows the generation profile, i.e. the mix of electricity production
technologies, for the first 10 days of January. The large availability of
renewable power in ‘RES x3’ allows PtG to be exploited to a large extent. Remarkably, the power required by PtG stations during some
hours, i.e. between day 0 and 2 and day 6 and 10, in ‘RES x3’ is more
than twice as much as the national electric demand of GB anticipated by
the 2030 Gone Green projections. Additionally, the generation profile is
characterized by large fluctuations in ‘RES x3’, which may challenge the
stability of system operations.
Fig. 5 shows the contribution of various sources/generation

6. Results and discussion
The impact of the increasing renewable penetration levels on key
system aspects, i.e. optimal PtG sizing, line reinforcements, electric and
gas system operations, costs and environmental impact, is investigated.
Section 6.1 presents the optimal design of PtG stations and electric grid
reinforcements, Section 6.2 presents the effects of PtG on the hourly
operations of the electric infrastructure, Section 6.3 shows design and
operating costs, Section 6.4 quantifies the amount of CO2 captured and
converted by PtG and Section 6.5 presents the impact of PtG on the
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Fig. 3. PtG station installations [blue circle] and line reinforcements [solid red line] in the electric network for the ‘RES x1’ (a), ‘RES x2’ (b) and ‘RES x3’ (c) capacity
levels. Notation: ‘PtG capacity[GW](bus number)’. The locations of the RES plants can be found in [49].

‘RES x2’ and ‘RES x3’, up to 700 TWh in ‘RES x3’, which exceeds by 74%
the projections of the 2030 Gone Green case, i.e. 403 TWh . The large
electric demand is necessary for operating the PtG stations and, therefore, is a measure of the energy required for the conversion of the
captured CO2 into methane.
The PtG capacity factor is defined as:

CF PtG =

x PG

Y
P PtG·
t = 1 xt
PtG

CAP

t

·Y

(31)

where CAP
is the total PtG capacity installed, Y are the hours in a
year and t is the time granularity, i.e. one hour. The PtG capacity
factor is largely affected by renewable power availability, and increases
from 17.6%, in ‘RES x1’, to 29.6%, in ‘RES x3’. The comparatively small
PtG capacity factors are limited by restricting PtG stations to be fueled
only with RES power. Additionally, the objective function (1) promotes
PtG utilization only with the purpose of reducing RES power curtailments. Therefore, PtG is not further deployed, if RES curtailments are
small or close to zero.
PtG

6.3. Investment and operating costs
Table 1 summarizes the number of reinforced lines, the capacity of
installed PtG, the investment and operating costs estimated in the design stage (Column 5) and in the operation stage (Column 6). Investment costs rise in ‘RES x2’ and ‘RES x3’, as more PtG stations are installed. Conversely, the cost of operations decreases because RES power
is increasingly exploited. The cost of operations in ‘RES x3’ decreases by
29% with respect to ‘RES x1’. Furthermore, the operating costs computed in the design and planning stage provide a reliable approximation
for the operating costs computed in the hourly operation stage. In
particular, the relative cost error between the two stages for ‘RES x1’
and ‘RES x2’ is 0.8% and 3.7%, respectively. Such good agreement
implies that the decisions on line reinforcements and PtG installation
taken in the scenario-based design stage are also optimum when operations are modelled and that an appropriate number of scenarios is
selected.

Fig. 4. Generation profile in the first 10 days of January for the investigated
'RES x1' and 'RES x3' capacity levels. The total electric demand is disaggregated
into PtG station power requirements (continuous light blue line) and power
demand from other customers (continuous red line). Acronyms: PS (pumped
storage), OCGT (open cycle gas turbine), CCGT (combined cycle gas turbine),
CHP (combined heat and power), LS (load shedding), WPC (wind power curtailment).

technologies to the yearly electricity generation. Wind power is the
largest contributor to the electric demand coverage for all investigated
capacity levels, with shares that range from 40% (‘RES x1’) to 71%
(‘RES x3’). CCGT, nuclear, hydro and CHP participate to a relevant
extent in ‘RES x1’, with shares equal to 17%, 16%, 9% and 8%, respectively, but their contribution is less relevant if the RES capacity is
large. Remarkably, the yearly electric demand increases sensibly in

6.4. Environmental impact
Fig. 6 shows the evolution of the amount of captured CO2 (area
plots) and the cumulative amount of CO2 required by the PtG stations
(solid lines and circles). CO2 is produced by PPs and is consumed by
PtG. In ‘RES x1’, 68.1 MtCO2 are captured at the end of the year. This
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Fig. 5. Electric power generation by sources during the year. Generator typologies not listed and load shedding contribute less than 1%.
Table 1
Number of reinforced electric lines, installed PtG (GW ), yearly investment and operating costs (109 £), calculated in the design and operation stage. Operating costs
do not include penalty fees for renewable curtailments.
Case

N. of reinforced
lines

PtG installed

Investment
costs

Operating costs
(Design stage)

Operating costs
(Operation stage)

RES x1
RES x2
RES x3

26
24
23

8.80
61.60
114.40

1.25
8.64
16.01

9.06
6.74
5.82

9.13
6.99
6.52

Additional CO2 emissions stem from the installation of the increased
RES capacity. The total CO2 emissions related to the construction, installation, transportation and decommissioning of onshore wind turbines, offshore wind turbines and solar panels amount to 8.4 tCO2/ MW
[55], 27.0 tCO2/ MW [55] and 2.2 tCO2/ MW [56], respectively. Following these assumptions, the additional RES capacity in ‘RES x3’ entails the emission of 2.12 MtCO2 . Also, the installation of PtG units
entails further CO2 emissions, which are not quantified due to the lack
of adequate data.

Fig. 6. Relative storage level (RSL) of captured CO2 and CO2 consumption by
PtG (PtGreq ) for the investigated capacity levels.

quantity is progressively reduced in ‘RES x2’ and ‘RES x3’, because of
the reduced CO2 production by fossil generation and the increased CO2
conversion by PtG stations. In ‘RES x3’, only 2.8 Mt of the CO2 captured
from the emissions of the electric power generation system remain
unrecycled. Therefore, Fig. 6 suggests that a RES capacity level, which
is slightly more than 3 times as large as the RES capacity considered in
the 2030 Gone Green, allows the balance between CO2 capture and
conversion.

Fig. 7. CO2 emissions by sources in the investigated capacity levels.
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order to meet the goal of 80% GHG emission reduction [2]. Conversely,
the reduction of gas intake from terminals prevents the release of 52.8
Mt of CO2 .
7. Conclusions
This paper investigates PtG for extensive CO2 recycling in electric
power systems. The operations of the interdependent networks are
modelled via stochastic security-constrained unit commitment and
transient gas flow. The investigations are conducted for the gas and
electric transmission networks of GB under the 2030 Gone Green case
and for increasing RES capacity levels. Results show that the RES capacity required for completing converting the CO2 emissions of conventional plants is three times as large as the installed renewable capacity anticipated by the 2030 Gone Green strategy. The identified
value is in line with [36], which estimates that the RES capacity needed
for converting the CO2 produced by gas-fired, coal and biogas plants is
five times the currently installed capacity. Moreover, the construction
of electric lines is necessary in all the investigated capacity levels and
more than 23% of the lines are reinforced in order to exploit RES power
to a large extent. Remarkably, the results show that the gas network
does not represent a limit for the storage of synthetic gas. In some extreme cases, pressure violations induce gas curtailments of small entity,
that are likely to be mitigated by compressors management, e.g. via
optimization [57], or terminal injection re-scheduling. Finally, the
analysis highlights that other gas uses, i.e. heating, still entail large CO2
emissions and must be addressed for achieving the decarbonization of
the gas sector. The techno-economic results of the proposed strategy
can be used for supporting well-informed comparisons among decarbonization solutions for the electric power system.
The proposed framework and the obtained results identify additional planning and operational challenges, which must be understood
for the deployment and the modelling of extensive CO2 recycling.
Namely, the large RES capacity entails investments and rises additional
stability issues that are not considered in this work. For example, it is
here assumed that the electric system reserve requirements do not
change across all considered RES capacity levels. However, power reserves will likely need to be increased if the RES capacity level is two or
three times as large as in the 2030 Gone Green case projections, due to
the magnitude of the RES power fluctuations introduced in the system.
Furthermore, the deployment of CCS technology on all CO2 -emitting
power plants is a fundamental element of the presented CO2 recycling
strategy; yet, the installation of such a large CCS capacity is currently
not envisaged [11]. Moreover, the capture efficiency of CCS is a limitation to the achievement of complete CO2 recycling in the power
production sector, unless CO2 is directly extracted from air or other CO2
sources are exploited. Finally, for the studied system, the scarce impact
of gas constraints on the electric operations entails a small deviation in
the cost evaluations between the design and the operation stages. If this
is not the case, the design and the operations of the electric system must
be addressed in a combined optimization framework [58].

Fig. 8. Annual net injection/extraction from terminals, storages, GFPP, PtG and
non-electric gas loads (NEGL).

Fig. 7 illustrates the sources of CO2 emissions. The largest contributors to these GHG emissions are CCGT, coal and CHP in all investigated RES capacity levels. However, a reduction of CO2 emission
from CCGT, coal and CHP of around 53%, 49% and 45%, respectively,
is observed as RES penetration increases. OCGT, imports and other
sources make a small contribution to the CO2 emissions of the power
generation system.
6.5. Gas system operations
The impact of PtG installations on the gas infrastructure and its
capability of storing synthetic methane are evaluated by identifying the
violations of pressure safety limits and by quantifying the consequent
gas curtailments to GFPP and PtG plants. The transient gas network
analysis considers electric and non-electric gas demands, terminal and
storage operations and the injections of synthetic methane by PtG. The
electric gas demand is calculated from the electric system optimization
of Section 6.2. Perfect forecast of gas loads and PtG injections is assumed.
Results show that, in ‘RES x1’, pressure values remain within safety
ranges, i.e. 38–85 bar, and limitations to the off-takes of GFPP and to
the injections from PtG stations are not enforced. Conversely, maximum
pressure violations occur in ‘RES x2’ and ‘RES x3’. The violations appear
in the Southern part of the network, due to the large injections of
synthetic methane coming from the PtG stations sited close to the
electric bus 27 in Fig. 3. The maximum curtailment enforced on the PtG
stations in the zone of upper safety pressure violation amounts at 2.0·106
m3 during one day. This corresponds to 4.5% of the average daily PtG
injection of ‘RES x3’.
Fig. 8 illustrates the annual net injection and extraction of gas from
the gas network by all sources and user sectors. Injections from terminals represent the largest intake in all investigated capacity levels, but
decrease from 7.06·10 4 Mm3 to 4.37·10 4 Mm3 , as RES penetration and
CO2 conversion increase. The decrease in terminal intake is compensated by the increasing production of synthetic gas, which amounts at
1.64·10 4 Mm3 in ‘RES x3’, and by a reduction of gas off-takes from
GFPPs. The use of gas for electricity generation is halved going from
‘RES x1’ to ‘RES x3’. Storage and non-electric gas load levels are not
affected. The behavior of storages is only dependent on gas prices, and
possible pressure issues are compensated by the reschedule of terminal
injections, PtG curtailments or electric gas demand curtailments, which
are preferred to non-electric gas demand curtailments for economic
considerations.
Remarkably, the amount of natural gas withdrawn from terminals
and storages in ‘RES x3’ is still considerably large, i.e. 4.55·10 4 Mm3 . If
completely combusted, it produces 89.4 MtCO2 , i.e. almost three times
as much as the amount utilized by PtG stations. Such large CO2 emissions are attributable to other energy sectors, i.e. heating and transportation, whose decarbonization process is of primary importance in
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