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Abstract—The interdependence between electricity and natural
gas systems has lately increased due to the wide deployment
of gas-fired power plants (GFPPs). Moreover, weather-driven
renewables introduce uncertainty in the operation of the inte-
grated energy system, increasing the need for operational flex-
ibility. Recently proposed stochastic dispatch models optimally
use the available flexibility and minimize the total expected
system cost. However, these models are incompatible with the
current sequential market design. We propose a novel method
to optimally define the available natural gas volume for power
production scheduling, anticipating the real-time flexibility needs.
Our model is formulated as a stochastic bilevel program aim-
ing to enhance the inter-temporal coordination of scheduling
and balancing operations, while remaining compatible with the
sequential clearing of day-ahead and real-time markets. The
proposed model accounts for the inherent flexibility of the natural
gas system via the proper modeling of linepack properties and
reduces the total expected system cost by the optimal definition of
natural gas volume availability for GFPPs during the scheduling
phase.

Index Terms—Bilevel programming, integrated electricity and
natural gas systems, market-based coordination, uncertainty.

I. INTRODUCTION

The coupling between the electricity and natural gas sys-
tems has been substantially strengthened due to the increased
utilization of gas-fired power plants (GFPPs) over the last
decades and this trend is expected to continue in the foresee-
able future [1]. In addition, renewable energy sources, such
as wind and solar power, already comprise a significant share
of the generation mix. The co-existence of these two types of
power production plants serves as a promising combination
for a smooth transition to a sustainable energy system that is
flexible enough to accommodate high shares of renewables. To
this end, the interdependence between these two energy sys-
tems will increase and the intermittency of renewable energy
sources will eventually affect the operation of both systems.
Hence, there is a compelling need to introduce mechanisms
that treat these systems in an integrated manner.

The coordinated operation of electricity and natural gas
systems has been extensively studied lately. The benefits of
improved coordination between the two energy systems under
high intraday variability of GFPPs’ fuel consumption are
indicated in [2]. In a similar context, the impact of natural gas
supply uncertainty and price variability on the power system
dispatch is analyzed in [3], showing that these parameters can
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considerably alter the market outcomes. Moreover, authors in
[4] highlight the benefit in terms of improved flexibility and
reliability, when accounting for the ability to store natural gas
in the pipelines, known as linepack. Therefore, both physical
and economic links between electricity and natural gas systems
have an eminent role in short-term operations and are highly
essential in the presence of renewables. The effect of uncertain
renewable power production to the coupled energy system is
analyzed via a robust co-optimization framework in [5], while
authors in [6] utilize stochastic programming to dispatch the
power system with feasible fuel supply from the natural gas
network. Moreover, authors in [7] consider a joint optimization
framework that utilizes GFPPs to firm up uncertain power
supply from renewables. Taking a market perspective, an equi-
librium model for the interdependent electricity and natural
gas markets that allows for short-term energy trading based
on locational marginal prices is proposed in [8]. Similarly,
we study the short-term coupled operation of electricity and
natural gas systems in a market framework where the energy
commodities are traded based on their marginal prices. Such an
approach is highly attractive especially when the two systems
are operated by the same entity, e.g. Energinet.dk in Denmark,
that is both electricity and natural gas systems’ operator [9].
Following the paradigm of the electricity sector, the volume
of natural gas traded in the spot markets is continuously
increasing [9]. Therefore, the short-term operation of elec-
tricity and natural gas systems should be modeled on the
basis of a market-based framework. The short-term operation
is mainly associated with two trading floors, namely the day-
ahead and balancing markets that are cleared in a sequential
manner. The day-ahead market is settled 12-36 hours ahead
of the actual system operation and the balancing market deals
with the necessary adjustments to keep the system balanced.
However, this sequential arrangement is inefficient under high
shares of stochastic renewable power production due to its
deterministic view of the uncertain renewables’ production. In
the European context, the day-ahead market follows a zonal
network representation, while a nodal network representation
is considered during the real-time operation. Stochastic pro-
gramming has been utilized to enhance the temporal coor-
dination between these two trading floors by making use of
a probabilistic description of stochastic renewable production
[10], [11]. Despite that this approach provides the solution
with the minimum expected system cost, it is not compatible
with the current market design and in addition it suffers
from some design flaws related to the violation of the least-
cost merit-order principle [12], [13]. For this reason, several
approaches have been proposed that aim at approximating the
stochastic ideal solution, while maintaining the current market



architecture. An improved dispatch model that minimizes
system’s expected cost and respects the merit-order principle
by scheduling wind power in a value different than its expected
production is proposed in [12], while cost recovery' of flexible
producers is guaranteed for any realization of uncertainty.
Additionally, authors in [14] develop a framework to set the
available transfer capacity (ATC) in a cost-optimal manner
and attain a solution closer to the stochastic one. Finally,
a model that efficiently dispatches the power system with
an optimal setting of allocation between energy and reserves
on the inter-regional HVDC interconnections is proposed in
[15]. In the aforementioned works, the system operator is able
to properly tune these purely financial parameters, i.e. wind
dispatch, ATCs, HVDC allocation, in order to communicate
the missing information to the day-ahead stage and achieve a
partial temporal coordination between the trading floors.

Following a similar approach, we propose a systematic
method to define the optimal natural gas volume that is made
available for power production at the day-ahead stage. We
consider this natural gas availability as a parameter that can
be controlled by the operator and we build a stochastic bilevel
model to determine its optimal value, while anticipating the
future balancing needs due to forecast errors from uncertain
power supply. This mechanism aims to improve the temporal
coordination between day-ahead and balancing trading floors
and approximate the efficiency of the stochastic solution,
while the existing market architecture is preserved. The natural
gas availability only affects the day-ahead schedule of the
integrated energy system and the real-time balancing takes
into account the physical characteristics of the two networks.
Regarding the natural gas system, we model the linepack
capability to make optimal use of the available network
flexibility. Our models achieve optimal operation in terms
of total operating cost for the integrated energy system with
detailed representation of the technical constraints for both
components, i.e. electricity and natural gas networks. Thus,
the proposed volume-based model optimally determines the
natural gas volume offered to GFPPs and in turn provides
an appropriate system dispatch to cope with the imbalances
in real-time. Finally, we compare the volume-based approach
with the price-based model proposed in [16], which introduces
a stochastic bilevel program that generates proper flexibility
price signals to adjust the natural gas price perceived by GFPPs
in order to provide a more efficient market outcome.

The remaining of the paper is organized as follows. Section
IT outlines the main properties of each dispatch model for the
integrated energy system, while the mathematical formulation
is presented in Section III. The results are illustrated in Section
IV, and Section V concludes the paper. Finally, additional
material including some mathematical extensions, proofs and
a detailed nomenclature are given in the online appendix [17].

II. MARKET-BASED COORDINATION

In this paper, we study four dispatch models for scheduling
and balancing electricity and natural gas systems. These mod-
els achieve different degrees of temporal coordination for the

Revenue of each market participant is greater than or equal to its operating
COsts.
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integrated energy system. This section describes their funda-
mental principles and provides a schematic representation to
outline the main properties of each coordination scheme.

A. Sequential Dispatch of Integrated Energy System

The sequential dispatch of the integrated energy system
(Seq) models a case of perfect inter-systems coordination be-
tween electricity and natural gas networks for both day-ahead
and balancing markets, as shown in Fig. 1. However, these
market floors are cleared in sequential and independent auc-
tions, resulting to imperfect temporal coordination between the
scheduling and balancing operations. Having as input a single-
valued forecast of the stochastic power production, a common
day-ahead market is cleared to obtain the initial operation
schedule for both systems. Getting closer to actual operation,
when the realization of stochastic production w’ is known, the
balancing actions to compensate for potential forecast errors
are jointly optimized for both systems through a common
balancing market. Even though this sequential approach may
be inefficient due to imperfect temporal coordination, it admits
an important economic property that ensures cost recovery for
flexible producers for any realization of stochastic production,
as shown in the electronic companion [17]. Assuming a co-
optimization process that minimizes the combined system cost
at each market stage, this setup deviates from the current
design since it does not respect the asynchronous timing and
independent clearing of the respective markets [18]. However,
this market model allows us to assess the net value of temporal
coordination between the day-ahead and balancing markets of
interdependent energy networks.

Min. Balancing Cost (]

Min. Scheduling Cost
Fixed
DA schedule

Fig. 1. Sequential dispatch of integrated energy system. DA: Day-ahead,
E: Electricity, G: Natural gas, AE: Electricity adjustment, AG: Natural gas
adjustment.

B. Stochastic Dispatch of Integrated Energy System

To improve the temporal coordination between the schedul-
ing and balancing operations, we construct the stochastic
coupled electricity and natural gas dispatch model (Stoch)
illustrated in Fig. 2. Here, the day-ahead market co-optimizes
the electricity and natural gas schedules based on a probabilis-
tic description of uncertain supply, which allows to anticipate
the cost of re-dispatch actions in real-time operation. Such
probabilistic description is based on the available forecast at
the day-ahead stage and may not cover the exact realization
in real-time. However, given that the uncertainty modelling
adequately captures the true characteristics of the stochastic
processes involved, the potential realization will be represented
via a set of scenarios ). This market setup is mathematically
formulated as a two-stage stochastic programming problem
that minimizes the total expected cost of the integrated energy
system. The definition of this model provides an ideal refer-
ence solution that attains perfect inter-systems and temporal
coordination, assuming that a realistic range and probability
distribution of scenarios are considered. However, its real-life
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implementation is restricted because cost recovery for market
participants and revenue adequacy® for the system operator
hold only in expectation [10]. Actually, these fundamental
economic properties may be violated for some uncertainty
realizations in scenario set € since this model does not respect
the least-cost merit-order principle in the day-ahead market.

( Min. Scheduling + Expected Balancing Cost [Va] ]

Fig. 2. Stochastic dispatch of integrated energy system.

C. Volume-based Coordination in Sequential Dispatch of In-
tegrated Energy System

Aiming to address the caveat of imperfect temporal coordi-
nation of the Seq model, while sidestepping the design flaws
of the Stoch model, we introduce a volume-based (V-B) coor-
dination mechanism. This mechanism leverages the physical
coupling of electricity and natural gas systems through the
GFFPs to implicitly coordinate the day-ahead and balancing
markets. The system operator uses as coordination signal an
amount " of the natural gas volume that is available to GFFPs
at the day-ahead stage, while the full capacity of the natural
gas network is released during real-time operation. Note that
volume x" affects only the fuel demand of GFPPs, while
industrial/commercial natural gas loads have higher priority.

Min. Scheduling + Expected Balancing Cost ]
A

A schedule

Upper level

v

Lower level X

Min. Scheduling Cost

Fig. 3. Volume-based coordination in sequential dispatch of integrated energy
system.

A systematic method for the definition of the optimal value
of xV is mathematically formulated as the stochastic bilevel
program presented schematically in Fig. 3. Similar to the
Stoch model, the upper-level problem minimizes the expected
cost of the integrated system, having x” as a non-negative
decision variable. In turn, the lower-level problem reproduces
the day-ahead clearing of the integrated market for a fixed
value of " that enters the lower level as a fixed parameter.
This structure accounts for the independence of day-ahead
and balancing markets, since the day-ahead schedule that
is enforced by the lower-level problem has the exact same
properties as its counterpart in the Seq model. Consequently,
the re-dispatch actions are optimized individually for each
uncertainty realization in the upper level. Essentially, the
optimal value of x” is found by anticipating the day-ahead
market outcome and the subsequent expected balancing cost.

This coordination mechanism resembles the “maximum gas
burn” constraint recently introduced by California Independent
System Operator (CAISO) to address reliability risks due

2Payments made to/received from market participants do not incur financial
deficit to the operator.

to the limited operability of the Aliso Canyon natural gas
storage facility. Using this constraint CAISO is able to limit
the gas consumption of a group of generators in a defined
area [19]. In the same vein, our volume signal " can be
applied to a whole control zone or be tailored to specific
areas or GFPPs. Nonetheless, the proposed mechanism extends
CAISQO’s approach to consider primarily issues pertaining to
forecast errors of stochastic power producers.

D. Price-based Coordination in Sequential Dispatch of Inte-
grated Energy System

Apart from the physical interaction of electricity and natural
gas networks, there is also an economic link that couples
the operation of these systems through the natural gas price
offered to GFPPs. Therefore, a coordination mechanism anal-
ogous to the volume-based approach outlined above, can be
established using instead a price-based (P-B) signal x? applied
to the natural gas prices. To define the optimal value of P
we employ the stochastic bilevel optimization model that is
depicted schematically in Fig. 4 and presented in [16]. The
construction of this model follows the same rationale as the
volume-based coordination scheme and thus it also preserves
the independent clearing of day-ahead and balancing markets
that enforces per-se the merit-order principle.

( Min. Scheduling + Expected Balancing Cost V]

Day-ahead cost neutrality constraint

[@©) (evag)-

Upper level

RT Balancing X"

Lu\w: le\e

X" | | DA schedule

Min. Scheduling Cost Min. Balancing Cost [Ve]

ABRAG

Fig. 4. Price-based coordination in sequential dispatch of integrated energy
system. RT: Real-time.

DA schedule Ve

This coordination mechanism allows GFPPs to utilize all
available natural gas resources but can instead control (either
increase or decrease) the natural gas price that is perceived
by the GFPPs via the free in sign x”. In turn, this affects
their short-term marginal costs and consequently their price
offers on the electricity side of the integrated market in both
day-ahead and balancing stages. Practically, these price signals
reflect the scarcity value of flexible GFPPs for the system
operator during real-time balancing. In order to ensure fairness
and transparency for all counter-parties, this mechanism is de-
signed on a cost-neutral basis such that the system operator is
financially balanced at the day-ahead stage. Potential financial
imbalances in the real-time settlements can be compensated
using out-of-the-market payments as a supporting mechanism
for the flexible producers, similar to the flexible capacity
remuneration mechanisms that are currently discussed in the
European electricity market context [20].

E. Features of Bilevel Models and Computational Tractability

Since the sequential arrangement between the trading floors
is preserved with V-B and P-B models, cost recovery for flex-
ible producers is guaranteed for each realization of stochastic



production. Moreover, it can be noticed that in V-B implemen-
tation only the day-ahead stage needs to be included in the
lower-level problem since the natural gas volume availability
x" only affects the natural gas volume that is announced at
the day-ahead market stage and then the physical capacity of
the natural gas network is made available in real-time. On the
contrary, both the day-ahead and balancing markets must be
included in the lower-level problem of P-B, since the price
adjustment x” affects the marginal cost of GFPPs in the day-
ahead market; however, the real-time price offers have to be
altered in a consistent way to preserve the incentive for the
provision of balancing services. Since the proposed dispatch
models V-B and P-B are formulated in a bilevel structure, it
is necessary to ensure that the lower-level problems are linear
and convex in order to allow a single-level reformulation as a
tractable mixed-integer linear program (MILP). Therefore, we
study two variants of the balancing market in the following
section. The first one directly permits the comparison between
V-B and P-B since the balancing market is formulated as a
linear program (LP). On the other hand, the second variant
can be applied only to V-B as it has a detailed formulation
for the gas flows in the real-time stage, which requires the
introduction of binary variables that make the problem non-
convex. Finally, model V-B results in a MILP with fewer binary
variables than P-B as the balancing market is not included in
the lower level. Note that since the balancing market is not
included in the lower level of V-B model, this formulation
is less computationally expensive as the number of binary
variables is independent of the number of scenarios.

III. MODEL FORMULATION

Before presenting the mathematical formulation of the dis-
patch models, we introduce a set of assumptions utilized in this
study. A holistic view of the energy systems is followed, where
the electricity and natural gas markets are considered coupled,
hence the market clearing is a single optimization problem.
Uncertain supply from stochastic producers is modeled via a
finite set of scenarios (2, accounting for temporal and spatial
correlations of the forecast errors. We assume that electricity
and natural gas demands are inelastic and exactly known,
hence we take the operator’s perspective that minimizes sys-
tem’s cost. The physical link between the electricity and
natural gas systems is provided by GFPPs, where their fuel
consumption has a lower priority than industrial/commercial
natural gas demands. The cost structure for electricity and
natural gas producers is assumed to have the form of linear
functions, while stochastic producers bid with zero marginal
cost. We focus on the two trading floors of day-ahead and
balancing markets, where a pool-based approach, i.e. without
network constraints, is used to clear the day-ahead market,
while the balancing market is formulated under two different
setups. The first setup is formulated as an LP under the
assumption that the balancing market is cleared as a pool with
additional fuel constraints for the GFPPs based on an ex-ante
estimation of pipeline capacities, similarly to the approach in
[3]. In the second setup, we introduce network constraints for
both electricity and natural gas systems. For the power system,
we adopt a DC power flow, while a model that approximates
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gas flow dynamics via linepack consideration is used for the
natural gas system [21], which leads to a MILP formulation.

A. Sequential Dispatch of Integrated Energy System

As illustrated in Fig. 1, the day-ahead and balancing markets
are cleared independently in the Seq model. Initially, the day-
ahead market is formulated in (1) as follows,

NggL Z ( Z CicPie.t + Z Clcgk,t) (1)
teT i.cl. kEK
subject to

0 S DPit S F)imaxa Vi7ta (lb)
0<wj < W\j,n vy, 1, (Ic)
0 < gt < G, Vk,t, (1d)
Zpi,t + ij}t — Z Di,t =0: 5\?7 Vt, (le)
el jeJ re€R.
S ogki— > DS = > Gipi,e=0: A7, v, (1D
keK rg€R, igely

0<> 7 > biypiy  <ITIY . GR=>" > DS . (1g)

teTigEAi}g keK teT rg€ERy

0< Z Giypigt < FYY — Z ng,t,

. T R
ig€A) rg€A,7

Vit (1h)

where OP = {p;, Vi,t;w; s, Vi, t; gt, Vk,t} is the set
of optimization variables. The objective function (la) to be
minimized determines the day-ahead cost of the integrated
electricity and natural gas system, including thermal electricity
producers i., GFPPs i, and natural gas producers k. Param-
eters C; and C} are production costs, and ¢ is the index
for time periods. We have excluded the electricity cost of
GFPPs since this is already accounted through the cost of their
natural gas consumption. Power production p; ; of power plant
1 (either thermal or GFPP) is constrained by their generation
capacity P;"® in (1b), while power dispatch w; ; of stochastic
(e.g. wind) electricity producer j is bounded by its expected
production W ; in (1c). Moreover, natural gas production g, ¢
is constrained by capacity Gp** in (1d) for each producer.
The balance in power and natural gas systems is enforced
through (le) and (1f), whose dual variables AF and AS reflect
the market price for electricity and natural gas, respectively.
Note that r. and r, are indices for electricity and natural gas
demands, and their loads are denoted by parameters DEa,t and
ngyt. In addition, parameter ¢;, refers to the power conver-
sion factor for each GFPP. The marginal cost of each GFPP
can be endogenously calculated by the multiplication of the
natural gas price and the power conversion factor. Constraints
(1g) limit the daily natural gas use of GFPPs up to the available
natural gas volume at the day-ahead stage, which is determined
by subtracting the commercial/industrial natural gas demand
from the total daily available capacity. We introduce a specific
set to group GFPPs indexed by v, which may comprise GFPPs
in a specific area of the natural gas system or even only a
particular GFPP. Set Afj denotes a subset of GFPPs belonging
to the specific area 1), while similar notation for sets A is used
in all formulations. The hourly fuel constraints are imposed in
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(1h), where F}5* denotes the maximum natural gas availability
for the spemﬁc group of GFPPs. For the sake of conciseness,
we denote the power adjustment provided by each power
plant as Ap; v = p:w/7t — Piur e With pxw,7t,pi_7w,7t >0
and the natural gas adjustment for each gas producer as
Agr ot = g,j’w/’t = gy With g;w,vt,g,;w,yt > 0. The day-
ahead schedule is a fixed input (denoted with superscript “*’)
to the balancing market and model (2) simulates the balancing
market to compensate for potential imbalances due to the
stochastic power realization Wj . ¢:

M1n Z(Z Ckgkw/f C,;g,;w,,t)+ Z CShEl:‘ZEJ’t

teT keK Te€ER,
+ Y (Cpf = Cipr )+ Y COERS, ) (2a)
icelc 7g€R
subject to
—Pip < Apiwrs < P —pyy, Vit (2b)
— P; < Apiw i < PF, Vit (20)
O<w /t<W]w’t7 Vi, t, (2d)
0< z;ha,t < DE ,, Vret, (2¢)
D Apiwat D L
el re€ER,
Y (Wiwe—wl,  —wi ) =0: X5, Ve, (@D
jeJ
= Gt < Agrwri <GP = gry, kit 22
— Gy < Agrw s <Gy, Yk, (2h)
0< BN, , <DE ,, Vrg,t, (2i)
D Agrwrat D B =D i, Ay AV (2)
keK rg€ER, ig€ly
0<Y > ¢i, (07, 1+ Apiyrt) < A, V2, (2k)
tETigEAig
0<) i, (py, 1+ Api, i) SFY,, Vait, D
%eA?
where OF = {pz ot Vs tvl;h ]iﬂ 0 Vre,t,l; Wt vrg’t;glj,iT,tv
vk, t; wJ Wt Vj,t} is the set of 0pt1m12at10n variables. The

cost of re- dlspatch actions is minimized in objective function
(2a). Balancing offer prices CT > C and C~ < C denote
the adjustment costs for thermal power plants 7. and natural
gas producers k, while C*"E and C"C are costs for load
shedding in the two systems. The bounds of power adjustments
are defined in (2b) considering the day-ahead dispatch of
the power plants. Constraints (2c¢) limit power adjustments
to the maximum capability P and P; of each power plant.
Power spillage w .+ and electricity load shedding lbhE /4 are
constrained by the reahzed power production of stochast1c pro-
ducers W/, and electricity demand through (2d) and (2e),
respectively. Constraint (2f) represents the power balance in
real-time operation. The adjustment of natural gas production
is limited by (2g), where day-ahead schedules are taken into
account. Additionally, constraints (2h) impose the maximum
capability G} and G, of natural gas adjustments. Natural gas
load shedding ZShG, .+ 1s limited by the natural gas demand in

(2i). Moreover, constraint (2j) imposes real-time natural gas
balance. The daily natural gas volume limit F'* for pipeline
z is imposed by (2k), while the real-time physical pipeline
capacity FM '+ 1s enforced by (21). The upper bounds of (2k)
and (21) are calculated based on an ex-ante analysis, where the
industrial/commercial natural gas demand is subtracted by the
maximum physical capacity of the pipeline and thus no explicit
description of natural gas system dynamics is included.

In the remainder of the section, we present a more detailed
setup for the balancing market where the network flows in
electricity and natural gas systems are taken into account. At
the electricity side, a DC power flow is considered with the
following set of constraints,

Z(pzt-FApi,w ¢ Zl‘hE,t+Z ot — Jpw B

icAL re€Afle ]GAJ

_Z Bn,r(én,w’,t rw’, t Z D w’ bt Vn, tv (38.)
ri(n,r)EL ’I’EGARe

B (0wt —0rwt) < FRlot, V(n,r) € L, t, (3b)

Onw ¢ free, Vn/n:ref, 6, . =0, n:ref, Vt. (3¢)

More specifically, the real-time balancing is imposed for each
node of the power system, hence (3a) replaces (2f). Moreover,
constraints (3b) determine the power flow between nodes n
and r, where 0y, ., ; is the voltage angle defined in (3c). The
transmission capacity limits F}7* are enforced by (3b).

At the gas side, an isothermal natural gas flow g, in
horizontal pipelines is assumed [22]. Then, the Weymouth
equation is used to describe the natural gas flow from node
m to u with the dependency at the pressure pr,, of adjacent
nodes,

dmu = Kq‘flu V pr?n —pﬁ%, V(m, U) S Za (4)
where K, ,J; « 1s the Weymouth constant that depends on

the physmal characteristics of each pipeline Z. Since (4)
is non-linear, we use an outer approximation by deriving
the Taylor series expansion around fixed pressure points
(PR, PR,,) € V to obtain a linear expression [23],
[24]. Consequently, we replace equality constraints (4) by the
following set of linear inequalities,
PRy )
Pry -
PR

R'IZJ,;U PRgn v 121,,71 (5)
Y(m,u) € Z,Yv € V.

PR o
qm,u S Kyj;‘,u(%2—prm -

m,v

To ensure an efficient approximation of the non-linear equation
(4), we use a large number of fixed pressure points v € V' [25].
Thus, we achieve an outer approximation by the constructed
planes in (5) that are tangent to the surface defined by (4)
which results in approximating the gas flow by the linear
constraint in (5) that is binding [23]. An advanced natural
gas system with linepack is modeled using the following
constraints:

PR%m < Prm w’ t < PR%ax’ vm, t, (6a)
Pruw it < I, PTmw’ s ,V(m U) € Z,t, (6b)
Qo' t = Gt~ Goor . V(M 0) € 28, (60)



0< q;’u’w,’thym,u’w,,h V(m,u) € Z,t, (6d)
0< G wur t ML= Ymwrt), V(myu) € Z,t,  (6e)
Ymouw't + Yumet = 1, V(m,u) € Z,t, (6f)
Ymouw t € 10,1}, Y(m,u) € Z,t, (62)
qurrL,u,w’,t SKI:;,u,vprm’w”t - KO’I-"Y_L,u,vpru,wl,t

+ M (1= Ymuw i), V{(m,u) € Z|m < u}, Vo, t, (6h)
q,;%u’w,’t §KI7;7u7vpru7w/7t — KO;,umme,w',t

+ J\ny7n,u7w/7t7V{(m,u) € Z|m < u}, Yo, t, (61)
Qoo ¢ S L g PPt — KOG Pt

+ Myumw t,Y{(m,u) € Zlm < u}, Yo, t, (6)
q'::m,w’,t <K, 0 oPTuw t — KOy, 4 oPTmw t

+ M (1 =Yy mw 1), V{(m,u) € Z|m < u}, Yo, t,  (6k)
B = I ¢ ;L T , Y(m,u) € Z,t, @)
Dt £ = T ¢ ;_ qzl’l;n’w/’t, V(m,u) € Z,t, (6m)
B ¢ = KT, Pt ‘2”’ et i, u) € Z,t, (6n)

Pyt = homyueor i1 +qirrlw,w',t — Qs Y(myu) € Zt, (60)
D G+ DG )+ Y B =Y bi, (0r+APiy 1)

keAf rg€ANS ig €AY
§ in out _ E G .3\G
- (qm,u,w’,tiqu,m,w’,t)* Drg,t ‘)‘m,w’,tv Vmat' (6P)
. R
u:(m,u)€Z rg€ARS

The bounds of pressure at each node of the system PR™Mn
and PRJ™ are given by (6a), while the active pipelines
are modeled by the relation of pressures between the two
adjacent nodes via a compression factor I', in (6b) [4].
More specifically, the outlet pressure at node wu is greater
than the inlet pressure at node m, when the gas flow is
from m to u for the active branches. The natural gas flow
Gm,u’ ¢ 18 defined in (6¢)-(6g) by two non-negative variables
Do’ 4> D e ¢ = 0> Where the direction of flow is defined
by binary variable ;.. Note that parameter M is a
sufficient large constant. The physical characteristics of gas
flow are introduced in (6h)-(6k) that are derived by (5) with

{KI+ _ ij;,uPRmﬂ) KO+ _ Kr{z,uPRum
o \ PR72n,v_PR12¢,U o \/ PRgn,v _PR%,U
Kl o= _ KPR KOG o= M}’ )
PRi,vipR%L,v PRi,vprgn,v

V{(m,u) € Z|m < u}, V.

Finally, two additional non-negative variables for the inflow
and outflow of each pipeline qif’m’w,’t,qg‘fﬁnyw,yt > 0 are
introduced to model linepack flexibility. Constraints (61) and
(6m) define the flow of each pipeline as the average of inflow
and outflow [4]. The average mass h,, 4 ..+ in each pipeline is
given by (6n), where K fnu is a constant dependent on pipeline
characteristics. The mass conservation at each pipeline is
enforced by (60). The natural gas balancing in the real-time
is enforced by (6p) that replaces (2j). The presented model
approximates the dynamics of the natural gas system and is
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described in detail in [21]. We refer the reader to [26] for a
steady-state modeling of the natural gas system with geometric
programming and to [27] for a transient model that closely
describes the physical behaviour of the natural gas flow.

The pool-based balancing market is formulated with the set
of constraints (2b)-(21). A different set of constraints is used
for the network constrained balancing market that consists
of {(2b)-(2e),(2g)-(2i),(3a)-(3¢),(6a)-(6p)}. In both cases, the
objective function is (2a). We use “N” to determine the use of
network constrained balancing market, hence models Seq and
Seq-N are formulated. Moreover, the set of primary variables
OR is extended with OFX = {8, o/ ¢, VN, t; PP Ym,t;
qi%/f’qf,tw',ta q:r/[,u,w'.w hin ! 43 Yumwr 4 V(M) € Z,t} in
Seq-N. In Seq-N, the prices are calculated after having fixed
binary variables related to the natural gas flow direction. The
expected balancing cost over a scenario set {2 is given as the
sum of the balancing cost for each scenario w weighed by its
probability of occurrence 7.

B. Stochastic Dispatch of Integrated Energy System

As presented in Fig. 2, the Stoch model optimizes jointly
the day-ahead and balancing stages of the integrated electric
power and natural gas systems. The problem is formulated as
a two-stage stochastic program aiming to minimize the total
expected cost and writes as follows:

Min. [ > Cipici+ Y Crgri+ Y m(
teT i.€l, kEK wen
D (il = Ok Ghwd) + D (ClpE e = Cipii )
kEK ic€l,
+ Y CMERE 4 Y oherks, ] (82)
re€ER, rg€Ry
subject to
constraints (1b), (1d) — (1h), (8b)
0<wj; <W,, Vit (8c)
constraints (2b) — (21), Vw, (8d)
where ©5¢ = {OP:OR Vw} is the set of optimization

variables. In this model, the temporal coordination of the two
trading floors is achieved through the real-time constraints (8d)
for all scenarios w € ). When network constrains {(2b)-
(2e),(2g)-(21),(3a)-(3¢),(62)-(6p)} are introduced to replace
(8d), the model is named Stoch-N. Note that in model (8),
the day-ahead dispatch of stochastic producers is restricted by
the installed capacity Wj, according to (8c), instead of the
expected power generation and day-ahead dispatch decisions
are treated as variables.

C. Volume-based Coordination in Sequential Dispatch of In-
tegrated Energy System

According to Fig. 3, the V-B dispatch model that aims at
minimizing the expected cost of the integrated energy system
and defining the optimal natural gas volume availability writes
as follows:

Min. (8a)
@VvuL

(9a)
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subject to
(2b) — (2D, Vw, (9b)
0<Xy <ITI Y GE=>" > DP ., ¥, (%)
kEK teT ry€R,
0<xy S FJY— Y D, vt (9d)
rgeAg'g
(Pits W t, Grt) € arg{
Min. > (Y Cupiet Y Cugee) O
teT i€l kEK
subject to
constraints (1b) — (1f), (91)
0> Y ¢ipiya <X, VO, 2
teTigeAff
(Oh)

0 < Z ¢igpig,t < XZ)J” Vw7t}7
. I

ig€A
where OV = (X7, Vib; x4, 1, Vi, 1 OF, Yw} is the set of
optimization variables of the upper-level problem. Addition-
ally, OV = OP is the set of optimization variables of the
lower-level problem. The objective function of model (9) is
the same as in (8). Thus, the upper-level problem minimizes
the expected cost of operating the integrated energy system by
deciding the optimal value of Xy, and xy, ,. Variable X, limits
the total daily natural gas consumption of GFPPs according
to (9g), while ;) , defines their hourly fuel limit in (9h). We
define fuel availability Xy, and x;, , under different setups,
ranging from a single value for the whole market to individual
values for specific areas or GFPPs. Therefore, these two
variables are indexed by ¢ € WU that defines the GFPPs that
are grouped together in each setup. The lower-level problem
reproduces the day-ahead coupled electricity and natural gas
market. Under this setup the sequential clearing of day-ahead
and balancing markets is practically emulated, since the day-
ahead decisions are fixed to the sequential dispatch though
(9e)-(9h) and the balancing market is simulated for each inde-
pendent scenario by imposing constraints (9b) for all w € €.
The system operator has the ability to decide the natural gas
volume that will be made available for power production at
the day-ahead stage within specified limits, defined by (9c)
and (9d). The upper-level variables Xy, and x;, , have an
impact on the decisions of the lower-level problem as the total
fuel availability for GFPPs affects the day-ahead schedule for
power production. Moreover, the lower-level decision variables
affect the total expected cost of the integrated system. Owning
to the this structure, model (9) finds an appropriate dispatch
that minimizes expected system cost by revealing flexibility
from GFPPs, while ensuring that the least-cost merit-order
principle is respected. The different effects of these approaches
are illustrated in the numerical study. Similarly, the model
is named V-B-N with the introduction of network constrains
{(2b)-(2e),(2g)-(2i),(32)-(3¢),(62)-(6p)} to replace (9b). The
bilevel problem (9) can be reformulated as a Mathematical
Program with Equilibrium Constraints (MPEC) by replacing

the linear, and thus convex, lower-level problems by their
Karush-Kuhn-Tucker (KKT) conditions as presented in [17].

D. Overview of Dispatch Models

Before proceeding to the numerical results, we provide an
overview of the dispatch models and their features in Table I.

TABLE I
DISPATCH MODELS’ CHARACTERISTICS
Fuel /Network ¢/ co0 N Stoch I Stoch-N  V-B I V-B-N P-B/ P-B-N
constraints
TemP or;}] Imperfect Perfect Partial Partial
coordination
Coordination - . sy s
mechanism Non-existing Explicit Implicit via x Implicit via x:

* The value of xV can be defined for the whole market, specific areas or GFPPs.

The dispatch models are classified based on the networks’
representation in the balancing market, as well as the temporal
coordination achieved and the mechanism utilized.

IV. NUMERICAL RESULTS

In this section, we first demonstrate the features of the four
dispatch models presented in Section II in a tailored case study.
Then, we compare the performance of volume-based variants
on a more realistic case study.

A. Tailored Case-Study

1) I-hour Simulation Results: To allow a fair comparison
between P-B and V-B models, the balancing market in this
illustrative example is modeled as a pool with fuel constraints
for GFPPs. Moreover, we assume a single type of uncertain
supply that is wind power. Here, we consider a system which
comprises three thermal power plants (I;, I and I5), two
GFPPs (I3 and 1) that acquire their fuel from the natural gas
market, one wind farm (WP) and two natural gas producers
(K7 and K5). Table II collects the data for the producers in
both markets. Wind power is characterized by two equiproba-
ble scenarios w; (166 MW) and ws (86 MW). The offer prices
for upward and downward regulation are equal to 1.1 and 0.9
of the day-ahead offer prices. In P-B, we limit the natural
gas price adjustment to $1.35/kcf. Moreover, we consider a
pipeline capacity of 6,000 kcf. The cost of electricity and
natural gas load shedding is $1,200/MWh and $600/kcf, while
wind spillage is cost-free. The peak electricity and natural gas
demand for industrial/commercial loads are equal to 430 MW
and 3,600 kcf/h, respectively.

TABLE I
ELECTRIC POWER AND NATURAL GAS SYSTEM DATA

Unit 7 I I I3 Iy Is Unit k& Ky Ko
P (MW) 80 110 50 100 100 | GT™* (kef) 10,000 6,000
P (MW) 10 0 30 25 20 | G (ke 2,500 1,000
P (MW) 10 0 30 25 20 | G (keh) 2,500 1,000
C; ($/MWh) 30 10 - - 60 | Cj ($/kcf) 2 3
@i, (kef/MWh) - - 12 18 -

We solve all dispatch models for 24-hours and provide
detailed results for a specific time period. Two variants of (9),
where natural gas volume availability is determined for the
whole market (V-B) and for each individual GFPP (V-B gen),
are studied. In this instance, natural gas is produced only by
unit Kq, hence the natural gas price is $2/kcf and the marginal
costs of GFPPs I3 and I, are $24/MWh and $36/MWh.



TABLE III
EXPECTED SYSTEM COST AND ITS BREAKDOWN IN $ WHEN TOTAL POWER
LOAD IS 387 MW
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TABLE IV
POWER SYSTEM SCHEDULE IN MW WHEN TOTAL POWER LOAD IS 387
MW (VARIATION FROM Seq DAY-AHEAD (DA) SCHEDULE IN BOLD)

Total Day-ahead  Balancing ~ Up regulation ~ Down regulation
Seq/V-B 10400 9,982 18 990 372 Seq P-B VB V-B gen
Stoch 10234 10,222 12 660 -648 Unit [ DA w1 wy [DA w1 wp |[DA w1 wy [DA w1
P-B 10,273 10,042 231 825 -594 I 80 -10 0 70 -10  +10 80 -10 0 80 -10 0
VB gen 10,261 10162 99 693 504 Ib |[110 0 0 |10 0 0 |10 ©0 0 |10 0 0
- : Iy | 50 -9 0 | 50 -5 0 | 50 9 0 | 33 5 415
Iy 21 -21 +25 31 <25 425 21 -21 +25 36 -25 425
1 1 1 1 Is 0 0 +15 0 0 +5 0 0 +15 0 0 0
"ljhe action of adjusting .the natural gas price or volume O ol R Al R AN Al ISR A
availability becomes beneficial when the day-ahead dispatch is
altered with regards to Seq to allow more cost-effective power 10 : : :
plants to provide the required regulation in the balancing —B— 54 —A—PB
3 . ) 2 3 —O— V-B —¢— V-B gen [
market. This results in an increase of the day-ahead cost and ¢ Sodh
a decrease of expected balancing cost that yields a reduction g !
of total expected cost. g 28
.. . Q -
Initially, we demonstrate the performance of all dispatch z b
models in Table III, when the total electricity demand is 2.6
| | |
equal to 387 MW. It can be observed that Stoch returns the 10 20 30 10 =0

lowest expected system cost and Seq the highest one due
to imperfect temporal coordination between day-ahead and
balancing markets. Models P-B, V-B and V-B gen attain an
expected cost that is in between the ideal solution of Stoch
and the one of Seq. Thus, a reduction of expected system cost
can be accomplished, while the system is still dispatched based
on the merit-order principle.

The detailed system dispatch is illustrated in Table IV for an
electricity demand of 387 MW. Regarding P-B, the marginal
cost of all GFPPs is affected by adjusting the natural gas price
with x7 = —$0.333/kcf. The decreased natural gas price of
$1.666/kcf results in a lower marginal cost for GFPP I, equal
to $30/MWh, which equals the one of unit ;. Therefore,
unit [; is dispatched to 70 MW and GFPP I, to 31 MW
without breaking the merit order. Model V-B returns the same
results with Seq, as a change of total natural gas volume
availability would not decrease the total expected cost. On the
contrary, V-B gen has a better performance due to its ability
to influence the dispatch of both GFPPs I3 and ;. Note that
GFPPs I3 and I, produce a total of 71 MW in both Seq
and V-B gen at the day-ahead stage. However, the allocation
between the two GFPPs is different and more efficient under
V-B gen. More specifically, the total natural gas volume bought
by GFPPs in Seq is 987 kcf, where 600 kcf are consumed
by GFPP I3 and the remaining 387 kcf by GFPP I;. In
V-B gen, the natural gas volume made available for GFPP I3
is 420 kcf, while GFPP I consumes 648 kcf. The adjustment
of natural gas volume availability has a direct impact on the
day-ahead dispatch which in turn reduces the total expected
cost compared to Seq. The day-ahead cost increases but this
increase is counterbalanced by a greater decrease of balancing
cost. In particular, the up-regulation cost is decreased because
unit I5 is not activated and the need for up-regulation is
covered by the cheaper GFPP I3. Moreover, a greater portion
of the total 40 MW needed for down-regulation is provided
by GFPP I, that is more cost-effective than GFPP 3.

The Stoch and Seq models provide the two extreme solutions
in terms of expected cost for all time periods of the scheduling
horizon and serve as upper and lower bounds, respectively,
for the expected costs of P-B, V-B and V-B gen models. We
perform an analogous analysis for the case with a total power

Wind power penetration level (%)

Fig. 5. Impact of wind power penetration level on the expected system cost.

load of 344 MW where x? gets a positive value and all three
improved sequential models achieve the same expected cost
with Stoch. This fact illustrates that it is possible in specific
cases to have an efficient sequential dispatch if the future
balancing costs are communicated into the day-ahead market
through the operator-defined parameters Y. The additional
results are presented in the electronic companion [17].

2) 24-hour Simulation Results: Additionally, we provide
the following results for the whole 24-hour scheduling horizon,
where 20 equiprobable wind power scenarios are utilized
(available at [28]). Fig. 5 presents the expected cost of the
integrated energy system as a function of wind power pene-
tration level, defined as the share of wind power capacity on
total system’s electricity demand.

The expected cost of Stoch is decreasing with an increase of
wind power penetration and achieves the lowest expected cost
in all cases. On the other hand, model Seq becomes inefficient
for a wind power penetration level above 25%, while even an
increase of the expected cost is observed when this level is
greater than 40%. The V-B and V-B gen models manage to
approximate efficiently the solution of Stoch model up to a
share of 40%, where they start diverging with an increasing
tendency. Note that the expected cost of V-B gen is lower than
V-B, confirming its higher flexibility to provide an improved
day-ahead dispatch. Similarly, P-B attains an expected cost
close to the one obtained by Stoch.

We now highlight the main features of the proposed dis-
patch models. All three P-B, V-B and V-B gen demonstrate
a considerable ability to bridge the gap between Seq and
Stoch models. They manage to return an expected system
cost closer to the stochastic ideal solution, while still dispatch
the system based on the merit-order principle and keep the
economic properties of Seq. Moreover, they can affect the
system dispatch regardless of the type of marginal producer,
i.e. GFPP or power plant using another fuel. In models V-B
and V-B gen at least one GFPP would have to be scheduled
in order to be able to improve the dispatch of the system,
while this restriction does not apply to P-B. Additionally,
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Fig. 6. Impact of wind power penetration level on the expected system cost.

model V-B is able to alter the dispatch of the GFPP with the
higher conversion factor. In case the natural gas availability
is defined individually for specific areas of the system, the
GFPP affected is the one with the greater conversion factor in
the specific area. Finally, V-B gen is more flexible than V-B
as it can change the dispatch of each individual GFPP. More
specifically, the portion of the day-ahead power to be produced
by GFPPs can be split under different shares in order to reveal
more cost-effective regulation in the balancing market.

B. Realistic Case-Study

A more realistic case study is considered to assess the
performance of the proposed dispatch model V-B-N when
network constraints are included for the real-time operation
of the energy system. The integrated energy system consists
of the IEEE 24-bus Reliability Test System (RTS) [29] and a
12-node natural gas system based on [5]. More specifically,
there exist 12 conventional power plants, out of which 4 are
GFPPs, 2 wind farms and 3 natural gas suppliers. Wind power
production is modeled by a set of 25 equiprobable scenarios.
The data and network topology are provided in the online
appendix available in [17]. Moreover, we introduce a new
variant of (9) that defines the natural gas volume availability
for specific areas of the integrated energy system, namely
V-B area. Two areas are determined in this study including two
GFPPs in each one of them. More specifically, GFPP 1 and
GFPP 5 are included in area I, while GFPP 7 and GFPP 11 in
area /1. Similarly to Section IV-A, we also examine V-B-N and
V-B-N gen. We optimize over a 24-hour scheduling horizon
and we set the level of linepack at the end of the day equal
to the one at the beginning of the day that is 448,000 kcf.

The expected system cost for different wind power pen-
etration levels is illustrated in Fig. 6. All models reduce
the expected cost compared to Seq-N and this reduction is
more significant for higher shares of wind power penetration.
Moreover, it can be observed that allowing more degrees of
freedom to define natural gas availability allows to capture
more efficiently the benefits of Stoch-N.

Additionally, we quantify the benefits of modeling the
linepack in the natural gas system by comparing the outcome
of the dispatch models when a purely steady-state operation
is followed. In this case, the pipelines are not able to store
natural gas, hence the inflow and outflow is equal for each
time period. Fig. 7 illustrates the relative increase in expected
cost when neglecting linepack in comparison with the expected
cost presented in Fig. 6. An increase in expected cost is ob-
served for all dispatch models, when the additional flexibility

Wind power penetration level (%)

Fig. 7. Impact of wind power penetration level on the expected system cost
increase when neglecting linepack modeling.

TABLE V
DAILY PROFITS OF THERMAL UNIT I3 IN CASE WIND PENETRATION IS 50%
Seq-N Stoch-N V-B-N V-B-N area  V-B-N gen
Expected profit (§) 239,062 4,618 73,895 52,649 47,487
Probability of
negative profits”(%) 0 4 0 0 0
Average losses ($) 0 —46.7 0 0 0

* Based on the available scenario set €.

introduced by linepack is not considered. Model Stoch-N is the
most advanced one and accomplishes a consistent decrease of
expected cost in both cases, which is only slightly affected
by wind power penetration level. On the other hand, Seq-N
is the most inefficient and has the greatest increase when
linepack is ignored that results in about 3.5% for a wind
power share of 50%. Regarding the proposed volume-based
dispatch models, two trends are noticed. Initially, we observe
that the more flexible the procedure to define natural gas
volume availability, the less the outcome is altered up to a 30%
wind power penetration level. Then, the difference in expected
cost is higher for V-B-N gen at higher penetration levels.
This difference though mainly stems from the efficiency of
V-B-N gen to exploit the linepack flexibility and significantly
reduce the expected cost in this case, while still having an
adequate performance when linepack is neglected.

Finally, we illustrate that it is possible for flexible producers
to face losses in Stoch-N as cost recovery is only guaranteed
in expectation and not for each wind power scenario. On the
contrary, models Segq-N, V-B-N, V-B-N area and V-B-N gen
respect the merit-order and thus cost recovery is ensured for
each scenario. Table V presents the daily profits for the flexible
power plant I3 for wind power penetration level equal to 50%.
For Stoch-N, the average losses and the probability of facing
a negative profit is shown. Note that the expected profit is
significantly higher in Seq-N due to the payments to flexible
producers under the very costly balancing actions (e.g. load
shedding). Such balancing actions are less often under V-B-N,
V-B-N area and V-B-N gen; hence, the expected profits are
decreased for power plant /5.

The optimization problems were solved using CPLEX
12.6.2 under GAMS on a stationary computer with Intel i7
4-core processor clocking at 3.4 GHz and 8 GB of RAM. The
average solution time is presented in Table VI for both case
studies. It can be noticed that P-B has significantly higher
solution time. This is due to the greater number of binary
variables required for the linearization of complementarity
constraints in the KKT conditions, since the balancing market
is also included in the lower-level problem of the bilevel for-
mulation. Moreover, the time-coupling constraint that ensures



TABLE VI
AVERAGE SOLUTION TIME IN SECONDS
Model Seq Stoch V-B V-B gen P-B
Tailored Case-Study 0.3 0.6 1.5 1.5 520
Model Seq-N  Stoch-N V-B-N  V-B-N area  V-B-N gen
Realistic Case-Study 48 1,100 2,920 1,409 1,034

cost neutrality for the system operator at the day-ahead stage
also increases the complexity of the problem.

V. CONCLUSION

This paper proposed a framework to optimally define the
natural gas volume availability for power production in an
integrated electricity and natural gas system under high shares
of stochastic renewables. Releasing in the day-ahead market a
proper amount of natural gas to be consumed by the GFPPs
allows us to increase the efficiency of the sequential market
design via creating an implicit link between the day-ahead and
balancing markets. The current sequential market structures
are highly challenged from the increased uncertainty and
variability introduced by renewables since the description of
uncertain parameters is performed in a deterministic way.
Using the stochastic dispatch model as an ideal benchmark,
the proposed volume-based model is utilized to bridge the
efficiency gap between the sequential and stochastic dispatch
models. The optimal setting of natural gas availability is
achieved through a stochastic bilevel program that anticipates
balancing costs, while its outcome can be directly incorporated
in the current market structure. In order to fully exploit the
flexibility of the integrated energy system and to enhance
the overall system efficiency, we approximate the natural gas
system dynamics by modeling linepack that plays an important
role in short-term operations. Moreover, a comparison with the
price-based model that alters the natural gas price perceived
by GFPPs to achieve an implicit temporal link is performed.

Our analysis illustrated that the efficiency of the sequential
dispatch model through the intelligent adjustment of the nat-
ural gas volume or price significantly improves and approx-
imates the stochastic ideal solution. The utilization of such
decision-support tools facilitates the integration of renewables
and captures the benefits of the stochastic dispatch model,
while respecting the least-cost merit-order principle and its
economic properties. For future work, more detailed models
for the electricity and natural gas systems can be considered,
as the utilization of AC power flow and the incorporation
of compressors’ fuel consumption in the natural gas system.
Moreover, potential computational challenges can be tackled
by the use of decomposition techniques.
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