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A B S T R A C T   

In order to achieve ambitious decarbonisation targets, not only the electric power system, but also the natural gas 
system needs to be decarbonised through the adoption of renewable energy sources. One main barrier for the 
decarbonised gas system is its balancing once highly fluctuating renewable sources are integrated. The balancing 
models today are mostly based on the daily balancing mechanism in which incentives are given to the shippers 
(market players) to stay within specified flexibility margins. However, the shippers are allowed to deviate, and 
often the transmission systems operators must balance the system to maintain its integrity. In this work, a 
balancing model is proposed for gas systems based on the within-day obligations. The balancing model gives a 
strong incentive to the shippers to balance their portfolios within the day. The simulations are conducted on the 
Danish gas transmission system and the real data streams are included. The results have shown that the proposed 
balancing model is promising for future scenarios, and a decrease of the accumulated system imbalance by 
around 98% is accomplished compared to the conventional balancing model. Moreover, the proposed balancing 
model prevents large deviations in the flow and limits the shippers’ access to the available flexibility.   

Introduction 

Background 

The current energy systems are operated and balanced separately, 
making it difficult to achieve a cost-efficient and climate-neutral energy 
system. Therefore, the European Commission has introduced a package 
of measures, the European Green Deal [1], which focuses on economic 
sustainability, and proposes the integration of multiple energy systems 
through linking technologies, such as power-to-gas (P2G), to increase 
the efficiency of the energy systems [2]. Moreover, the main concepts 
include increasing the electrification of end-consumers and the utiliza-
tion of green gas such as green hydrogen, biogas and biofuels [2]. Ac-
cording to the European Agency for the Cooperation of Energy 
Regulations (ACER) [3] and the Council of the European Union [4], 
these green gases have the potential to cover 30% to 70% of the total gas 
consumption by 2050. Furthermore, the installed capacity of renewable 
energy sources (RES) is increasing at a high rate and the P2G component 
gained a lot of attention due to its capability to link gas system (GS) and 
electric power system (EPS) in situations with excess power produced 
from RES. 

The coordinated and integrated energy systems have gained a lot of 
attention, and one of the projects focused on the coupling of EPS, GS and 
district heating systems, while increasing the flexibility and efficiency 
through integration of multiple energy systems, is ‘Coordinated opera-
tion of integrated energy system (CORE)’ [5]. The project aims to 
develop a RES-based energy system. However, not all energy systems 
can be fully electrified, and as one of the hard-to-decarbonise sectors 
new perspectives must be explored to achieve a green GS. 

The GS is gaining a lot of attention in order to be based on the 
renewable energy that the future energy system needs. It is undergoing a 
green transition, from the conventional GS, based on fossil methane [6], 
to renewable gas, obtained from RES through P2G (see Supplementary 
material; Section 1: ‘Changes and challenges in the gas system’). How-
ever, an examination of the reports, published by ACER, [7] and [3], 
reveals that only a small amount of hydrogen can currently be directly 
injected into the GS. To maximise the utilisation of the existing GS and 
minimise the investments in converting or completely replacing the 
existing infrastructure, the hydrogen can be converted into methane, 
fully compatible with the natural GS through the methanation process. 
Apart from methanised electrolytic hydrogen renewable gas also in-
cludes biomethane achieved by upgrading biogas in biogas upgrading 
facilities (BUF). The BUF is then connected to the GTS or distribution 
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system where biomethane can be injected [8]. Due to the expected 
higher number of BUF on the distribution grid, a recompression station 
is needed in a situation where there is lower consumption in the local 
grid. The recompression stations, often referred to as “reverse flow 
stations”, compress and inject the gas at higher pressures compared to 
the distributions’ system pressures into GTS. 

The integration of P2G, recompression stations and biomethane in-
jections will significantly change the gas flow and total volume of the gas 
in the pipeline, called linepack. It is expected that the uncertainty of the 
flow will increase and the amount of gas that can be managed flexibly by 
controlling the operating pressures [9,10,11], called linepack flexibility, 
will change drastically. The future RES-based GS will be characterized 
by large flow fluctuations and such changes will have a significant effect 
on the operation and security of GS. Therefore, in order to deal with the 
challenges that the future will bring, a new balancing model is proposed 
contributing to the overall scope of the CORE project [5]. 

Review of gas grid balancing models in Europe 

Balancing and trading schemes have to ensure the integrity of the 
GTS, which can be jeopardised by variable gas inflows and outflows 
[12]. Energinet, the Danish transmission system operator (TSO), defines 
the system integrity as the efficient and reliable operation of the entire 
GS, while securing the operational functionalities from production to 
consumption [13]. Therefore, in order to guarantee secure operations, 
pressures in the GTS must fall within the safe operational limits [12]. 

To incorporate the GTS into the wholesale market [12], the European 
Commission introduced the entry-exit model, which was adopted in 
2011 [14]. The model provides more flexibility to the shippers, as they 
can book entry and exit capacities separately, and promotes higher 
competition between them. However, this commodity trading employs a 
principle of virtual hubs, which rely on a commercial network that is 
highly decoupled from the real, physical balancing model [15,16,17]. It 
employs a simplified representation of the network with a set of entry 
and exit points (see Supplementary material; Subsection 2.1: ‘Com-
modity trading’) [18]. 

The drawbacks of the entry-exit scheme are pointed out by Hallack 
and Vazquez [15] who investigated on improved allocation of short- 
term services. Moreover, Hallack and Vazquez [16], presented an 
explanation of the auctions methods that can improve the allocation of 
linepack and transport capacity. The value of the linepack flexibility in 

the liberalised gas market is discussed by Keyaerts et al. [19], who 
presented an overview of the regulation possibilities for the linepack 
flexibility. Moreover, the European Federation of Energy Traders [20] 
proposed daily balancing as a preferable option as it allows more flex-
ibility and longer response time for the shippers. In 2014, the ‘Network 
Code on Gas Balancing of Transmission Networks’ [21] has been 
established in the European Union. This regulation [21] provides the 
rules for the balancing, which serve as a tool towards a functioning, 
competitive, liquid and interconnected gas market to manage shippers 
portfolios in an economically efficient manner (see Supplementary 
material; Subsection 2.2: ‘EU regulative’). 

Several articles investigated the integration of GS and EPS in order to 
achieve a reliable and stable operation of both systems 
[22,23,24,25,26,27]. The research focused on the reduction of the 
operational costs and energy losses, and increase in flexibility by inte-
grating EPS and GS. The aforementioned literature focused on the 
simultaneous operation of EPS and GS, without taking into consider-
ation the balancing barriers in the GS. Firstly, the operation of the GS 
was based on the hourly balancing as required by the EPS. However, GS 
balancing is based mostly on a daily balancing scheme [16], which 
provides more flexibility to the shippers and only few or no incentives 
are given to the shippers to adjust their portfolios during the day. In most 
of the markets, the information of the shipper’s imbalance is not avail-
able to the shipper during the day and the TSO must take care of the 
balancing [28]. Secondly, the daily scheduling and balancing of the GS 
are done independently of EPS, and the time scales are not synchronized. 
As example, gas-fired power plants (GFPPs) are the linking technologies 
between EPS and GS, which are providing the regulating power to the 
EPS due to the high intermittent nature of RES [16]. The scheduling of 
the gas consumption at the GFPP is therefore highly flexible due to daily 
balancing scheme. Thirdly, the entry-exit schemes were neglected in the 
aforementioned work. Hence, an improvement of the balancing of the 
GS and the adoption of a new model is necessary for achieving a 
renewable-based integrated energy system. Although large efforts have 
been made in the modelling of the gas system [22,25,27,29,30,31], the 
balancing of the gas system has not been thoroughly explored. There-
fore, in addition to creating the balancing model, the mathematical 
model of the gas system incorporates the entry-exit scheme. 

Additionally, aforementioned literature does not considers recom-
pression stations, biomethane injections or the real parameters of the 
system. Motivated by the by the ambitious decarbonisation targets and 

Nomenclature 

Abbreviations 
ACER European Agency for the Cooperation of Energy 

Regulations 
EPS electric power system 
GFPP gas-fired power plants 
GS gas system 
GTS gas transmission system 
GZ Green Zone 
M/R meter and regulation 
P2G power-to-gas 
RES renewable energy sources 
TSO transmission system operator 
BUF biogas upgrading facility 
WDO within day obligations 

Superscript 
Alloc allocation value 
Bio biomethane 
Entry import 

Exit export 
GD gas demand 
GS gas source 
GSD Gas Storage Denmark 
GTS gas transmission system 
IC interconnections 
IN injection 
IR injection rate 
JEZ joint exit zone 
LP linepack 
max maximum value 
min minimum value 
OUT withdrawal 
Rev reverse flow 
WR withdrawal rate 

Symbol 
ASB accumulated system balance 
ASI accumulated system imbalance 
CB calculated balance 
ESCB estimated system commercial balance  
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lack of renewables in the gas system, the balancing method is tested on a 
number of future scenarios which include transit entry-exit system 
characterized by large increased fluctuations in flow and flexibility and 
increased flow uncertainties and scenario with higher share of renew-
ables. These future scenarios are compared against a reference scenario 
based on real data and system specifications of the Danish gas system. In 
addition, all scenarios include reverse flow stations and biomethane 
injections. 

In some situations, in order to preserve the security and integrity of 
the GTS and minimize the need for the TSO to take balancing actions, 
incentives in the form of within day obligations (WDO) can be applied to 
the shippers [32,33] (see Supplementary material; Subsection 2.3: 
‘Within day obligations’). By restructuring the GS, i.e. integrating the 
P2G, installing the recompression stations, injecting the biomethane and 
phasing out the GFPPs, the variability in the gas flows is expected to 
increase, and this might threaten the system integrity. Therefore, in 
alternative to daily balancing, the hourly balancing scheme requires the 
shippers to be in balance at the end of each hour in the Gas Day (starting 
at 6 a.m. and ending at 6 a.m. the following day). 

Motivation, contributions and applicability of the model to other regions 

In the condition in which an increasing number of distributed RES 
with a variable energy production will be connected to the energy sys-
tem, this article proposes a novel balancing method based on WDO. This 
would encourage the shippers to stay within the operational limits every 
hour of the Gas Day, decrease the need for the TSO to take the balancing 
actions, limit the shippers’ exploitation of the linepack flexibility and 
decrease the flow variability. 

Therefore, the main objectives are the following:  

• to create a balancing model based on the implementation of the WDO 
in order to minimise the imbalance every hour during the Gas Day 
and to support the future RES-based challenges;  

• to build a mathematical model for the GTS;  
• to introduce scenarios representative of future challenges for the 

GTS. 

This study is carried out for the Danish GTS, for which Energinet 
provided the real data stream and system model. Furthermore, the 
Danish GS is currently going through several changes, and thus, it rep-
resents an appropriate model of a system going through the green 
transition. Several other European countries are facing the same chal-
lenges. Therefore, although applied to the Danish GTS, the same ob-
jectives, modelling and method can be applied and validated for other 
regions. 

The proposed model aims to provide energy-efficient balancing and a 
lower number of cases of imbalances, ensuring the stability of the sys-
tem. Therefore, the contributions are the following: 

• Balancing model for the GS is developed to manage a higher pene-
tration of renewables and the link between the commercial and 
physical model is identified and addressed.  

• Development of the future scenarios indicates the need for the new 
balancing model, and the proposed model overcomes the conven-
tional balancing model.  

• The model and the data of the Danish GS is provided in detail. 
• The improvement of the balancing for the GS contributes to the in-

crease of the efficiency of the integrated energy system and ulti-
mately to achieve the RES-based energy system. 

The remainder of this paper is organised as follows. Section 2 illus-
trates the characteristics of the current balancing model and compares 
the conventional and proposed balancing models. Moreover, it provides 
the mathematical model and presents the simulation scenarios. The re-
sults and validation of the proposed gas balancing model are presented 

in Section 3. Finally, discussion and conclusion are provided in Section 
4. 

Methodology 

In this section, a model of the Danish GTS is presented and simula-
tion scenarios are introduced. 

Current and proposed gas grid balancing model in Denmark 

This subsection briefly describes the current balancing model (see 
Supplementary material; Section 3: ‘Markets’) used in Denmark [34,35] 
and outlines the significant rules and obligations that might be benefi-
cial for the sake of discussion [36,37]. Moreover, the characteristics of 
the proposed model are presented and compared with the current 
balancing model. 

There are certain actions required from the shipper before and dur-
ing the Gas Day. Before the Gas Day, the shippers are asked to provide 
Nominations, i.e. forecast the quantities of gas intake and offtake at a 
certain node in kilowatt-hours per hour (kWh/h) for every hour of the 
Gas Day in question. Nominations are submitted before the Gas Day. 
Afterwards, the re-nomination process is open where the shippers can 
provide revised nominations. Before the Gas Day starts, the shippers are 
notified about acceptance, rejection or reduction of their nominations. 
Once the Gas Day starts, the shipper holds the responsibility to provide 
the re-nominations for the remaining hours of the Gas Day if necessary. 
They are incentivised by the TSO to balance their portfolios each hour of 
the Gas Day. Finally, the amount of gas allocated to the shipper by the 
TSO based on the accepted nomination, metering or reported value are 
called Allocation which serves as a basis for determining the daily 
imbalance quantity [36]. (see timetable in Supplementary material; 
Subsection 3.1: ‘Nomination and Allocation’). 

The balancing of the gas occurs during the Gas Day. The TSO is 
responsible for the balancing of the GTS, while the shipper is responsible 
to balance the intake and offtake in order to minimise the need for the 
TSO to take balancing actions (see Supplementary material; Subsection 
3.2: ‘The characteristics of the current balancing model’). Apart from 
balancing actions, several incentivising actions towards the shippers are 
available to the TSO that allow maintaining a high system integrity 
during the regular Gas Day [36]. The balancing actions and incentives 
given to the shipper, as well as the example of the published data, which 
represent the green zone and balance points, are presented in Fig. 1 
[38,39] (see Supplementary material; Subsection 3.2.1: ‘The balancing 
actions and incentives’). The first action in terms of incentive to the 
shippers given from the TSO is the announcement of the green zone 
before 6:45am on the Gas Day. The green zone is an asymmetric area 
representing the flexibility of the system based on the calculated balance 
(CB) from the previous Gas Day and accepted nomination at 6am on the 
Gas Day. It takes into account the shippers deliveries and shippers 

Fig. 1. The balancing actions and incentives given to the shippers by the TSO 
during the Gas Day in the current balancing model, the example of the pub-
lished Green Zone, ESCB and CB for February 12th, 2019. 
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offtakes for the Gas Day, and represents the physical flexibility available 
to the market. The CB is calculated as the sum of all the shippers posi-
tions based on the allocations at the end of the Gas Day and what was 
bought or sold at market that Gas Day. The second form of incentive to 
the shippers given by the TSO is publishing the estimated system com-
mercial balance (ESCB) for the Gas Day. The ESCB is the aggregated 
commercial balance of all shippers, which estimates the expected bal-
ance position at the end of the Gas Day. It is based on the forecast of all 
the shippers positions at the end of the Gas Day considering the accepted 
nominations and what was bought and sold at the market on that Gas 
Day. The final system commercial balance, CB, is published later. The 
third action is informing the shippers during the Gas Day about their 
deliveries and offtakes. The shippers are informed five times per Gas Day 
regarding their positions. The forth action is the balancing action which 
can be taken by the TSO. In the case that ESCB is in the area above and 
below the green zone called the yellow zone, the TSO trades at the 
market and notifies the shippers. The TSO will sell gas in case the ESCB is 
in the yellow positive area and buy gas when the ESCB is in the yellow 
negative area. 

The comparison and characteristics of the current and proposed 
balancing model are presented in Table 1 (see Supplementary material; 
Subsection 3.2.2: ‘The need for the proposed balancing model and its 
characteristics’). 

Mathematical modelling 

The mathematical model of the Danish GTS is a steady-state model 
and it is subjected to the following assumptions:  

• Isothermal flow of the gas. The temperature is assumed constant 
along the entire pipeline. The gas flow depends on the viscosity and 
viscosity depends highly on the pressure and temperature; however, 
this dependency is highly computationally demanding when imple-
mented in the model. The approximation to an isothermal flow is 
valid in long pipelines, such as the ones in the GTS [40].  

• No elevation. The GS is assumed to be built on a horizontal plane. 
Denmark is a flat country and no significant elevations are 
considered.  

• Identical parameters are considered for series and parallel pipelines 
[40]. For example, certain nodes are connected in parallel or series to 
the line valve station in which the data is not available.  

• Constant compressibility factor. The gas composition differs at each 
entry node, and hence, the gas in the pipeline highly depends on gas 
composition, temperature and pressures [8]. The temperature is 
measured at every meter and regulation (M/R) station. However, the 

compressibility factor and temperature throughout the GTS are 
assumed constant to decrease the computational burden. 

In order to obtain the hourly imbalance positions of the system, 
accumulated system balance (ASB) is introduced. The objective is then 
to minimize the ASB every hour of the Gas Day. ASB, in unit of kilowatt- 
hours, is calculated every hour t of the Gas Day based on the imbalance 
for the hours before the hour of question using Eq.(1). 

min(ASB(t + 1)) = min

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∑t

t=1

(
QGS

g,t + QEntry
ic,t + QGSD,WR

s,t + QBio
b,t + QRev

r,t

)

−
∑t

t=1

(
QExit

ic,t + QGSD,IR
s,t + QGD

d,t + QGFPP
pp,t

)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(1)  

where QGS
g is the gas source g (e.g. the North Sea), QEntry

ic and QExit
ic are 

interconnections ic from and to Germany respectively, QGSD,WR
s and 

QGSD,IR
s are gas withdrawal and injection from and to the gas storages s 

respectively, QBio
b is biomethane injection from the BUF b, QRev

r is reverse 
flow from the recompression station r, QGD

d is gas demand d located at 
the nodes towards the distribution system, QGFPP

pp is a consumption of the 
GFPP pp. 

The following equations represent the operation of the GS. Although 
the market model is a simple entry-exit model, when it comes to the 
balancing period, the system integrity must be maintained. That is the 
reason why detailed yet simplified expressions are presented further on 
and included in the work. In reality, the system parameters are contin-
uously measured at the M/R stations. Currently, not all measurements 
are provided to the shippers and not in a continuous manner. In the 
proposed balancing model, it must be ensured that a data flow is 
available to the shippers regarding the individual positions and ASB. To 
obtain the parameters, the measurements must be continuously 
collected. Hence, an additional reason for implementing the detailed 
equations is for continuous monitoring purposes of the entire system and 
its parameters, as well as the deviations of the shipper balances. The 
flow equation for the gas pipeline is sourced from [40,25] and presented 
in Eq. (2). 
((

pn,t
)2

−
(
pm,t
)2
)
C2

nm = Qnm,t
⃒
⃒Qnm,t

⃒
⃒,∀(nm) ∈ ΩGTS,∀t ∈ T (2)  

where pn is pressure in the pipeline at node n in units of megapascal 
(MPa),; Cnm is a constant dependent on the parameters of the pipeline nm 
in units of kW/MPa, while Qnm is the gas flow in the pipeline nm in units 
of kWh/h. As long as there is a pressure difference between the two ends 
of the pipeline, the gas will flow along the pipeline from the point of 
higher pressure to the point with lower pressure. The parameter Cnm 
highly depends on the pipeline diameter and length. As the pipeline 
length is larger, the flow decreases, and on the contrary, if the diameter 
of the pipeline is larger, the flow increases. The pipeline parameters are 
accounted for in Eq. (3) [41,40]. 

Cnm = C
Tb

pb
D2.5

nm

(
1

LnmγgTaZaf

)0.5

ηp,nm ,∀n,m ∈ ΩGTS (3)  

where C is a constant dependent on the system unit, Tb and pb are 
temperature and pressure based on the normal-cubic metre conditions 
respectively,Dnm and Lnm are diameter and length of pipeline nm 
respectively. γg is relative density, Ta is average absolute gas tempera-
ture, Za is average compressibility factor and f is friction constant. ηp 

notes pipeline efficiency. 
The nodal gas balance equation is calculated using Eq. (4). 

Table 1 
Characteristics of the current and proposed balancing model.  

Feature description Current model Proposed model 

Requirement of the shippers’ 
balance during the Gas Day 

No Yes 

Strong incentive given to 
shipper during the day 

No Yes 

Incentive to shipper for end- 
of-day balance 

Yes Yes 

Shippers responsibility during 
the Gas Day 

None Helper-causer principle 

Provision of data of shippers 
and system imbalance 

Five times per day Every hour 

Linepack flexibility during the 
Gas Day 

Provided to the 
shippers (Shipper 
benefits) 

Limited 

Grid model Entry-exit Combination of entry- 
exit and real network 

Balancing characteristic Flexible and end-of- 
day 

Intraday restrictions 
(WDO)  
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∑

g∈ΩGS
n

QGS
g,t +

∑

ic∈ΩIC
n

(
QEntry

ic,t − QExit
ic,t

)
+

+
∑

s∈ΩGSD
n

(
QGSD,WR

s,t − QGSD,IR
s,t

)
+

+
∑

b∈ΩBio
n

QBio
b,t +

∑

r∈ΩRev
n

QRev
r,t −

∑

d∈ΩGD
n

QGD
d,t −

−
∑

pp∈ΩGFPP
n

QGFPP
pp,t +

∑

nm∈ΩLP
n

(
QLP,OUT

nm,t − QLP,IN
nm,t

)
=

=
∑

m∈ΩNGS
n

Qnm,t,∀n,m ∈ ΩGTS, ∀t ∈ T

(4)  

where the linepack withdrawal and injection is accounted for in QLP,OUT
nm 

and QLP,IN
nm . 

Several constraints are considered. The entry from the North Sea is 
limited by the maximum technical capacity as given in Eq. (5). 

QGS,min
g ≤ QGS

g,t ≤ QGS,max
g ,∀g ∈ ΩGS , ∀t ∈ T (5) 

The entry and exit at Ellund (interconnection with Germany) are 
limited by its technical capacities, represented in Eqs. (6) and (7) 
respectively. 

0 ≤ QEntry
ic,t ≤ QEntry,max

ic , ∀ic ∈ ΩIC, ∀t ∈ T (6)  

0 ≤ QExit
ic,t ≤ QExit,max

ic ,∀ic ∈ ΩIC,∀t ∈ T (7) 

Since it is noted that most of the gas has been supplied from Nybro 
(North Sea gas field), its entry node is used as a reference point for the 
pressure as given in Eq. (8). At the reference node, the gas pressure is 
fixed to a constant value. Given this reference node for the pressure, the 
nodal balancing equation and parameters of the gas system, the gas flow 
equation then provides the pressures and gas flows at the nodes and 
pipelines respectively. 

pNybro = pref (8) 

The pressures at all the nodes are limited by the safe operational 
limits Eq. (9). 

pmin
m ≤ pm,t ≤ pmax

m , ∀m ∈ ΩGTS ,∀t ∈ T (9) 

The storage level is calculated as given in Eqs. (10) and (11). 

SLGSD
s,t = SLGSD,initial

s +QGSD,IR
s,t − QGSD,WR

s,t ,∀s ∈ ΩGSD, t = 1 (10)  

SLGSD
s,t = SLGSD

s,t− 1 +QGSD,IR
s,t − QGSD,WR

s,t ,∀s ∈ ΩGSD,∀t ∈ T, t > 1 (11) 

The initial storage level is given in Eq. (10). In this particular case, 
the initial storage level is unknown, and therefore, it is assumed that the 
initial storage level is half of the maximum storage level. The storage 
level at each time step depends on the non-simultaneous withdrawal and 
injection rates and the state of energy in the previous time step as shown 
in Eq. (11). Injected gas is usually pure methane, while the withdrawn 
gas must be cleaned before being used, i.e. water should be removed 
[42]. Moreover, depending on the gas composition, it might be neces-
sary to remove CO2 from the gas before injecting it into the storage. Due 
to unknown composition of the gas in the entire gas system, the effi-
ciency of the gas storage is not taken into account. The storage level is 
limited by the maximum technical capacity as shown in Eq. (12). 

SLGSD,min
s,t ≤ SLGSD

s,t ≤ SLGSD,max
s,t , ∀s ∈ ΩGSD ,∀t ∈ T (12) 

The storage injection and withdrawal rate are limited by the safe 
operational limits as given in Eqs. (13) and (14) respectively [43]. 

QGSD,IR,min
s ≤ QGSD,IR

s,t ≤ QGSD,IR,max
s ,∀s ∈ ΩGSD, ∀t ∈ T (13)  

QGSD,WR,min
s ≤ QGSD,WR

s,t ≤ QGSD,WR,max
s ,∀s ∈ ΩGSD, ∀t ∈ T (14) 

Furthermore, the buffer is used to balance the differences between 
the allocations and physical flow. Hence, the linepack is included and 
the linepack volume at base conditions is expressed in Eq. (15) [40]. 

VLP
nm = CLPTb

pb

1
ZaTa

D2
nmLnmpLP

ave,nm ,∀(nm) ∈ ΩLP (15)  

where CLP is the linepack constant dependent on the system unit. The 
simplified but most accurate calculation of the average gas pressure is 
shown in Eq. (16) [40]. 

pLP
ave,nm =

2
3

(

pn + pm −
pnpm

pn + pm

)

,∀(nm) ∈ ΩLP (16) 

The mass conservation of the linepack can be written as presented in 
Eqs. (17) and (18). 

VLP
nm,t = VLP,Initial

nm +QLP,IN
nm,t − QLP,OUT

nm,t , ∀(nm) ∈ ΩLP, t = 1 (17)  

VLP
nm,t = VLP

nm,t− 1 +QLP,IN
nm,t − QLP,OUT

nm,t ,∀(nm) ∈ ΩLP, t > 1 (18) 

The gas compressor plays a major role in controlling the gas flow. 
They are either electric or gas driven. The simplified modelling of 
compressor in relation to inflow and outflow pressures is given in Eq. 
(19) [25,44]. CR notes the constant compressor ratio. 

pm,t ≤ (CR)pn,t ,∀(nm) ∈ ΩGTS,∀t ∈ T (19) 

It is in the TSO and shippers best interest to maintain the system 
integrity and be in balance. The TSO provides the linepack flexibility 
and balancing actions, while shippers try to be in balance as allocated. 
However, the shippers are allowed to deviate from strict balance. The 
following equations will therefore build on the monitoring presented 
above and present the proposed balancing model with the possibility for 
the shippers to deviate. The incentive given to shippers in the proposed 
balancing model is stronger, and it might be in their best interest not to 
deviate and not to take advantage of the buffer in terms of linepack if 
possible. 

The allocation is given by the TSO to each shipper, however, the real 
physical flow differs from the allocation. The following allocation 
models are based on the real representation of the Danish gas balancing 
model. 

Firstly, the shippers at the gas source, entry and exit points are 
allowed to deviate between lower and upper limits that are based on the 
allocation as presented in Eqs. (20), (21) and (22) respectively. 

QGS,Alloc,min
g ≤ QGS

g ≤ QGS,Alloc,max
g ,∀g ∈ ΩGS (20)  

QEntry,Alloc,min
ic ≤ QEntry

ic ≤ QEntry,Alloc,max
ic ,∀ic ∈ ΩIC (21)  

QExit,Alloc,min
ic ≤ QExit

ic ≤ QExit,Alloc,max
ic , ∀ic ∈ ΩIC (22) 

The injection and withdrawal rates for storages, i.e. the exit and 
entry points for storages respectively, are allocated as a single entry and 
single exit point. In the balancing period, each storage performs differ-
ently due to its different specifications and gas requirements from 
different parts of the system. However, storage is considered as one 
when allocated. Thus, the summation of the injection rates of both 
storages is limited by the upper and lower injection rate limits as shown 
in Eq. (23). Similarly, the summation of the withdrawal rates of both 
storages is limited by Eq. (24). 

QGSD,IR,Alloc,min
s,t ≤

∑

QGSD,IR
s ∈ΩGSD

n

(
QGSD,IR

s

)
≤ QGSD,IR,Alloc,max

s,t ,∀t ∈ T (23)  

QGSD,WR,Alloc,min
s,t ≤

∑

QGSD,WR
s ∈ΩGSD

n

(
QGSD,WR

s

)
≤ QGSD,WR,Alloc,max

s,t ,∀t ∈ T (24) 

Furthermore, the allocation for the gas demand includes the con-
sumption of the distribution system, gas consumed by GFPP and the 
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export towards Sweden. The export to Sweden acts as a demand point. 
Hence, aggregated demand and the gas required by GFPP are limited by 
allocation parameters, QJEZExit,Alloc,min

t and QJEZExit,Alloc,max
t as presented in 

Eq. (25). 

QJEZExit,Alloc,min
t ≤

∑

QGD
d ∈ΩGD

n

(
QGD

d

)
+

∑

QGFPP
pp ∈ΩGFPP

n

(
QGFPP

pp

)
≤ QJEZExit,Alloc,max

t , ∀t ∈ T

(25) 

However, Eq. (25) does not take into account the allocation at each 
specified node. Therefore, the additional constraint is presented in Eq. 
(26). 

QGDratio,min
d ≤ QGD

d ≤ QGDratio,max
d , ∀d ∈ ΩGD,∀t ∈ T (26) 

The gas demand at each node and at every time step is limited by a 
certain upper and lower ratio multiplied with the entire demand, 
QGDratio,min

d and QGDratio,max
d . By considering Eq. (26), the profile of the de-

mand does not change drastically and every node has a realistic allo-
cation of the flow. Finally, the linepack flexibility is limited by the Green 
Zone (GZ) limits as presented in Eqs. (27) and (28). 

∑

QLP,IN
nm,t ∈ΩLP

n

(
QLP,IN

nm,t

)

≤ GZmax,∀(nm) ∈ ΩLP,∀t ∈ T (27)  

∑

QLP,OUT
nm,t ∈ΩGD

n

(
QLP,OUT

nm,t

)

≤ GZmin, ∀(nm) ∈ ΩLP, ∀t ∈ T (28) 

Finally, the majority of the data has been sourced from Energinet’s 
platform [39], transparency platform [45] and reports [46,47,48,49]. 
The input data to the model is available in Appendix A. Additional data, 
such as length and diameter of the pipelines, is provided in Supple-
mentary material; Section 4: ‘Input data’ and [50]. 

Scenario analysis 

The future Danish GTS model is based on the current one with 
additional remarks regarding the pipelines and units. The future sce-
narios are developed that explore the step wise transition of the GS. 
Table 2 gives an overview of analysed simulation cases. 

Reference scenario 
The benefit and validation of WDO are examined for a day where the 

Table 2 
The overview of the simulation cases.  

Name Description of the system Changes in the model 

Reference scenario Current system. No changes. 
Baltic pipeline 

scenario 
The Baltic pipeline is accounted for as planned in 2022. The Baltic pipeline is integrated accordingly to the planned 

infrastructure. 
Biomethane 

scenario 
In addition to the Baltic case study, there will be an increased number of biomethane units as 
well as recompression stations.As  
planned, by 2030, the GFPP are phased out [51]. 

In addition to the Baltic pipeline, several units are 
integrated into the system. 
GFPP are removed. 

P2G scenario According to green transition, P2G will play a big role in achieving a green system P2G units are integrated into the system.  

 
Fig. 2. Danish GTS (Supplementary material: Section 5.1: ‘Reference scenario’).  
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ESCB was temporarily located in lower yellow zone, and the TSO was 
forced to take balancing actions to maintain system integrity. The con-
ventional balancing model, used as a reference, and the proposed 
balancing model are compared. 

The case study of the Danish GTS is shown in Fig. 2. The entry and 
exit nodes represent the M/R stations, where the gas enters or exits the 
GTS. The main entry and entry/exit points are Nybro GB and Ellund 
Border respectively. At the gas storages, gas is injected or stored in order 
to balance the grid. GFPP requires gas for electricity production and 
three of them are connected to the GTS. BUF are places where bio-
methane is injected into the GTS. Finally, reverse flow stations are also 
visible at a certain number of nodes where the gas is recompressed and 
flows from the distribution system to GTS. 

Baltic pipeline scenario 
In this scenario, the Baltic pipeline is integrated in the Danish GTS as 

planned in 2022 and presented in Fig. 3 [52,8,53]. As a consequence, the 
flow, linepack and average GZ increase. The M/R stations are placed 
based on the map provided by Energinet [54], the length and diameter 
are taken from [55] and [54], and the GZ is increased based on [32]. The 
input data is provided in [50]. 

Biomethane scenario 
In this scenario, it is assumed that the power plants will be providing 

a higher quantity of gas to the GTS. Moreover, a part of the green gas will 
come from the distribution system, where an even higher number of BUF 
is planned. In order to allow the gas to enter the GTS from the distri-
bution system, the recompression, i.e. reverse flow, stations are 
integrated. 

The number of BUF is increasing and it is expected that 63% of the 
Danish gas consumption will be met by biomethane by 2030 [56,57]. 
Additionally, the demand will decrease. Hence, a larger amount of the 
reverse flow stations is planned to be integrated. The changes in the 
model are presented in Fig. 4 [56,58]. A step wise transition from 2022 
to 2030 is elaborated in Supplementary material: Subsection 5.3: ‘Bio-
methane scenario’. 

P2G scenario 
This scenario is an upgrade of the Biomethane scenario (see Sup-

plementary material; Subsection 5.4: ‘P2G scenario’). P2G will play a 
major role in the future green GS and EPS, and, therefore, it is integrated 
at the locations where future wind farms are planned; at the northern 
part of Jutland, as well as near other wind farms as given by Danish 
Energy Agency [57]. Four major wind farms are planned as presented in 
Fig. 5. 

The main goal of wind farms is to provide electricity, however, any 
excess electricity produced at the wind farm is used as input to P2G 
units. It is envisioned that at this point the entire Danish gas consump-
tion can be covered by green gas. Wind profiles are sourced from 
Transparency Platform of European Network of Transmission System 
Operators for Electricity (ENTSO-E) [59]. 

Overall framework for the balancing model and imbalance evaluations 

The imbalances of the current and proposed model in all the sce-
narios are evaluated through several parameters. 

The accumulated imbalances are evaluated by representing three 
different parameters; ESCB, ASB and historical accumulated system 

 

Fig. 3. Simplified representation of the Danish GTS in 2022. The arrow in the 
figure implies the bidirectional flow to and from Poland. (See Supplementary 
material: Subsection 5.2: ‘Baltic pipeline scenario’). 

 

Fig. 4. The planned and existing BUF and reverse flow stations (see Supple-
mentary material: Subsection 5.3: ‘Biomethane scenario’). 

 

Fig. 5. The integration of P2G in case of excess electricity from the planned 
wind farms. 
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imbalance (ASI). Both ESCB and ASI are sourced from Energinet’s 
platforms [39] and [32] respectively. The newly introduced ASB rep-
resents the accumulated system balance posted after each operational 
hour based on the proposed method that incorporates WDO. Compared 
to the current model where ESCB represents the end-of-the-day balance, 
in the proposed balancing model, ASB is published every hour and it is 
based on the accumulated balance of all shippers for all the previous 
hours of the Gas Day. 

The entry and exit flow to and from the GTS are compared and 
presented to evaluate the difference between several different scenarios. 
Based on the entry and exit gas flow, the hourly imbalance is compared 
between the current and proposed balancing model. As important pa-
rameters to evaluate the flexibility of the GTS, the linepack and linepack 
flexibility are presented and evaluated. The optimization model is ob-
tained as a non-linear problem. The simulations are conducted in 

MATLAB by using toolbox YALMIP and solver IPOPT [60,61]. Finally, 
the overall framework of the proposed method is presented in Fig. 6. 

Results 

The following subsections illustrate the main results of scenarios 
presented earlier. 

Reference scenario 

The main findings for the reference scenario are presented in Fig. 7. 
ESCB, ASI and ASB are given in Fig. 7a). ESCB was posted to be in the 

Yellow Zone at 10:45, while towards the end of the day, it returned to 
the GZ. Similarly, ASI was negative at the beginning of the day, while 
towards the end of the day it became positive. On the contrary, ASB 
results in low accumulated imbalance. The ASI and ASB are based on the 
hourly imbalance as presented in Fig. 7b),where ASI is based on his-
torical allocations. The measured hourly imbalance obtained by imple-
menting WDO follows the profile of the hourly imbalance for the current 
model in certain instances, however, the magnitude of the imbalance is 
much lower. 

In order to further examine the WDO, Fig. 7c) and Fig. 7d) are pro-
vided. Fig. 7c) presents the production and demand. It can be observed 
that the demand and production match most of the time. The periods 
when there is an imbalance between the demand and production is 
observed in Fig. 7d). During such periods, the linepack flexibility is 
activated. The positive linepack flexibility refers to filling the linepack, 
while the negative value of linepack flexibility refers to withdrawing the 
linepack from the system. The linepack is filled with excess gas at the 
period of positive hourly imbalance, while the linepack is discharged in 
periods of negative hourly imbalance. 

To summarize, implementing WDO has shown improvements 
compared to the conventional balancing model. The ASB is updated 
regularly and the shippers are incentivised to balance the system on 
their own based on the data they receive, which reduces the need for 
balancing actions by the TSO. It can be observed that in contrast to the 
recordings of the historic data, the system remains in the GZ. Such a 

 

Fig. 6. Overall framework for the proposed balancing model.  

 
Fig. 7. The main results for a) Accumulated imbalance b) Hourly imbalance c) Production and demand d) Linepack and linepack flexibility.  
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balancing model transfers a large portion of the balancing responsibility 
to the shippers. In contrast to the conventional model, the proposed 
model reduces the access of linepack flexibility during normal operation. 

As observed in Fig. 7, a large amount of entry gas has been provided 
by the North Sea. A small amount has been provided from recompression 

stations and BUF. The exit consists of conventional gas demand, con-
sumption of the GFPP, injection to storage and export to Germany. 
However, not a large amount is exported to Germany, which leads to a 
conclusion that still a high amount of gas consumption is met by the 
conventional fossil fuel gas from the North Sea. 

 
Fig. 8. The comparison between Case 1 and Case 2 a) Production and demand b) Accumulated imbalance c) Linepack and linepack flexibility d) Hourly imbalance.  

 
Fig. 9. The results for P2G scenario in comparison to Biomethane scenario a) Entry and exit. The first bar represents the Biomethane scenario, while the second bar 
represents the P2G scenario. b) Measured imbalance c) Percentage of hours for entire Gas Day in regards to the positive flow in each pipeline. 
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Baltic pipeline scenario 

Two cases are compared in the Baltic pipeline scenario. Case 1 im-
plements WDO. Case 2 gives no incentive to the shippers to balance their 
portfolios in order to present the situation where a large exit or pro-
duction is available and the shippers do not take the responsibility to 
balance the system. It is a simplified gas balancing model of the con-
ventional balancing model and it does not consider the TSO balancing 
actions. The comparison is shown in Fig. 8. 

The production and consumption are shown in Fig. 8a). The left bar 
describes Case 1 while the right bar describes Case 2. Case 2 results in 
very high production and fluctuations compared to Case 1. 

The hourly imbalance for both cases is shown in Fig. 8d). There are 
large changes and uncertainties in the flow in Case 2, while Case 1 is 
stable and the hourly imbalance does not change drastically. As a 
consequence of such large changes in the flow in Case 2, there is a large 
change in the linepack flexibility and linepack. 

The linepack and linepack flexibility are presented in Fig. 8c). In 
Case 2, the linepack flexibility is constantly used in a large quantity and 
it is highly variable. Hence, the linepack has a steep increase. On the 
contrary, Case 1 employs the linepack flexibility only when necessary, as 
the shippers received a strong incentive to balance the system. 

Finally, the accumulated imbalance for both cases is shown in 
Fig. 8b). The ASB in Case 1 is stable and small compared to Case 2. In 
Case 2, the ASB exceeds the Yellow Zone and it continues to increase. In 
such a situation, the TSO would take balancing actions to balance the 
system and to maintain the system integrity. The likelihood of such a 
scenario is quite high due to the fluctuations and the uncertainty of the 
flow introduced by the Baltic pipeline. Large imbalances have been 
observed before, and the probability they will happen more frequently 
and in higher magnitude will increase in the future. 

The conventional balancing model allows the shippers to deviate and 
counts on the linepack flexibility in large quantities. With the future 
infrastructure, there will be an even higher challenge of handling the 
high flows and flow uncertainties. Case 2 illustrated how the system 
responds to the conventional balancing method. It has been shown that 
it is not effective and large imbalances might occur where the TSO has to 
take the balancing actions. On the contrary, the WDO presented a 
promising solution for the future system where the Baltic pipeline plays 
a large role as a transit pipeline. The model with WDO gives a strong 
incentive to the shippers and the TSO might not have to take the 
balancing action as often as it would now. WDO tries to limit the 
exploitation of linepack flexibility and prevents large deviations in the 
flow. 

The effect of the changes in flow uncertainty in biomethane and P2G 
scenarios 

The main results that present the effect of the conventional and 
proposed balancing model on gas flow direction for Biomethane and 
P2G scenarios are illustrated in Fig. 9, while the results for the step wise 
transition from 2022 to 2030 are elaborated in Supplementary material: 
Subsection 5.3.1.: ‘Results for step wise transition’. A large difference 
between the two cases can be observed at the entry points as indicated in 
Fig. 9a). In the P2G scenario, the gas from the North Sea decreases 
compared to the Biomethane scenario. Moreover, it can be seen that the 
entire gas consumption is met by P2G, biomethane and reverse flow in 
the P2G scenario. Furthermore, Fig. 9b) shows the measured accumu-
lated imbalance for both cases. It can be noticed that the P2G scenario 
reaches a higher accumulated system imbalance at the end of the Gas 
Day. This is because the gas profiles from the P2G unit increase at the 
end of the Gas Day. 

A high challenge in the future will be associated with flow uncer-
tainty. The initial flow direction is given in [50]. For both scenarios, the 
positive flows for each pipeline are found for all the hours of the Gas Day 
and the percentage of the positive flow for the entire day is calculated for 
every pipeline. The percentage of hours for the positive flow for the 
entire Gas Day for each pipeline is shown in Fig. 9c). In Biomethane 
scenario the pipelines mostly affected by the changes are situated from 
Egtved towards Aalborg while the highest changes in flow are seen at 
pipelines near Viborg. Those pipelines are situated where the large 
reverse flow stations and biomethane injections are integrated. How-
ever, P2G scenario has a larger impact on flow direction and more 
pipelines are affected compared to Biomethane scenario. Similar to the 
Biomethane scenario, most changes are observed between Egtved and 
Aalborg where all the pipeline flows are affected by the changes in the 
system. The P2G scenario has an increase of accumulated imbalance by 
around 85% compared to the Biomethane scenario. 

It can be concluded that the changes in the flow decrease with the 
implementation of the WDO, and the challenges that the future system 
will face can be mitigated by the implementation of WDO. The increase 
in the gas flow fluctuations is justified as the share of renewable gas 
increases in the GS. This scenario has shown that the future system will 
face major challenges with respect to flow variability and uncertainty. 

Conclusion 

In this work, a new balancing model was proposed for gas system to 
overcome the challenges introduced by high share of renewables in 
order to come closer to the balancing of the integrated energy system as 
one. The proposed balancing model gives a strong incentive to the 
shippers to stay within the Green Zone during the Gas Day and mitigates 
the need for the transmission system operator to take balancing actions. 
The balancing model was validated through different scenarios. It has 
been shown that the proposed balancing model limits access to the 
linepack flexibility and prevents large deviations in the flow. The ship-
pers have the opportunity to be a part of the balancing parties in the 
larger amount. The proposed balancing model shows an improvement 
and decrease of the accumulated system imbalance by up to 99% 
compared to the conventional balancing model. Employing the pro-
posed balancing model in the Baltic scenario decreases the accumulated 
imbalance by around 98% compared to the conventional balancing 
model. The increase in the gas flow fluctuations is seen in P2G scenario 
as the share of renewable gas increases, and it has been demonstrated 
that the future system will face major challenges with respect to flow 
variability and uncertainty. Finally, the changes in the flow decrease by 
the implementation of the within-day obligations, and the within-day 
obligations mitigate the challenges of the future system. Hence, the 
proposed balancing model complements the green gas utilization and 
enhances the green transition-oriented gas system. 

Future work should explore the different storage solutions, such as 
hydrogen and methane storage. Furthermore, the exploitation of the 
excess heat from the power-to-gas units and the possibility of using 
excess heat in the district heating areas should be further explored. 
Further on, the fluctuations of the high share of renewables in the 
electric power system might reflect in the gas system in the future where 
the gas is provided by excess renewable production in the electric power 
system. Therefore, considering uncertainties such as gas demand and 
injection of green gas in a stochastic manner could improve the model 
and decrease the system imbalance. Additionally, the gas system model 
can be linearized in order to decrease the computational burden and 
reach the global optimum. 

The balancing of the gas system is done independently of electric 
power system, and the time scales are not synchronized. However, there 
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are many linking technologies between electric power system and gas 
system, such as gas-fired power plants which provide the regulating 
power to electric power system due to the high intermittent nature of 
renewables. Power-to-gas units also have capability to link the gas sys-
tem and electric power system. Therefore, the proposed balancing model 
with intra-day restrictions might be further investigated considering the 
impacts of different participants in electricity market. For example, by 
introducing new market players and products and considering linking 
technologies as self-schedulers, the energy and cost efficiency could 
increase. Finally, it is expected that sector coupling will increase the 
efficiency of the entire integrated energy system where a power-to-gas 
unit will play a major role. 
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