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Existing energy networks can foster the integration of uncertain and variable renewable energy sources by
providing additional operational flexibility. In this direction, we propose a combined power, heat, and natural
gas dispatch model to reveal the maximum potential “network flexibility”, corresponding to the ability of natural
gas and district heating pipelines to store energy. To account for both energy transport and linepack in the
pipelines in a computational efficient manner, we explore convex quadratic relaxations of the nonconvex flow
dynamics of gas and heat. The resulting model is a mixed-integer second-order cone program. An ex-post

analysis ensures feasibility of the heat dispatch, while keeping the relaxation of the gas flow model sufficiently
tight. The revealed flexibility is quantified in terms of system cost compared to a dispatch model neglecting the
ability of natural gas and district heating networks to store energy.

1. Introduction

Operational flexibility is required to deal with the uncertainty and
variability of growing renewable power generation. Flexibility for
power systems is often provided by units interfacing other energy sec-
tors, e.g., gas-fired units, combined heat and power (CHP) plants, and
heat pumps. These units link the power system with the natural gas and
district heating systems, both physically and economically. The gas-
fired units usually provide flexibility thanks to their fast-start and
ramping capabilities [1]. Similarly, the CHP units can provide flex-
ibility [2], especially extraction CHPs, as they are able to vary their heat
to power ratio. Besides, the heat pumps producing heat from electricity
can act as power demand side flexibility. The key point is that a strong
coordination between power, heat, and natural gas systems is needed to
efficiently utilize those existing sources of flexibility. Unlike the power
system, in which supply and demand have to be matched in-
stantaneously, there is potential to use the district heating and natural
gas networks as energy storage. The district heating and natural gas
networks have the ability to store energy in pipelines in the form of
time delays of heat propagation and natural gas linepack. This flex-
ibility, the so-called “network flexibility”, is provided through the dy-
namics of energy flow in pipelines, serving as energy storage (known as

“virtual storage”). Accounting for these network dynamics can unlock
an additional source of flexibility. The existing energy infrastructure in
countries with multi-carrier systems, e.g., Denmark, can help mitigate
the uncertainty and variability induced by large-scale renewable power
penetration.

It is in general a complex task to holistically model the inter-
dependent multi-energy systems while incorporating the energy flow
dynamics of each specific energy network. Although there is an ex-
tensive literature on integrated energy systems, the majority of previous
works either focused on two out of the three (i.e., power, natural gas,
and heat) systems, or discarded the network flexibility in heat and
natural gas sides, or provided generalized aggregate models, called
“energy hubs”. With a focus on network flexibility, we first review the
existing works addressing the coordination of power and gas systems,
then power and heat systems, and finally energy hubs.

The available works in the literature addressing integrated power
and natural gas systems model the gas flow dynamics either through
partial differential equations [3] or using a reduced version, resulting in
a set of nonlinear and nonconvex steady-state equations [4]. These
steady-state equations are still complex and cause computational
challenges. Therefore, linear approximations [5,6] or quadratic re-
laxation [7,8] are used to manage the complexity of the natural gas
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flow dynamics, while accounting for the linepack.

In a similar direction, integrated power and heat dispatch models
are introduced in Lin et al. [9], Zhou et al. [10], Mitridati and Taylor
[11], Li et al. [12], Chen et al. [13]. A proper framework for modeling
temperature dynamics in pipelines, time delay of heat transmission,
variable supply temperature, and variable mass flow rates will enable
exploiting the flexibility from district heating networks. While [9] and
[10] consider a constant mass flow rate in pipelines, the heat dispatch
models in Mitridati and Taylor [11], Li et al. [12], Chen et al. [13]
account for both mass flow rates and inlet temperatures as “control
variables”, allowing for more degrees of freedom.

The last strand that we explore in the literature is about energy
hubs. The concept of energy hubs as a generic aggregate framework for
modeling and optimization of multi-energy systems was firstly pro-
posed in Geidl et al. [14]. An energy hub is a unified unit where mul-
tiple energy carriers can be converted, conditioned, and stored. How-
ever, this generic model fails in accounting for the specific flow
dynamics of the energy carriers.

To the best of our knowledge, this is the first work that optimizes
the combined dispatch problem for the three energy systems together,
accounting for their network and flow dynamics, while dealing with
arising nonconvexities. We propose a combined power-heat-gas dis-
patch that models the interactions of the three energy carriers as well as
the network flexibility. As an ideal benchmark, this combined energy
dispatch assesses the maximum potential of flexibility that the natural
gas and district heating networks can provide for renewable-based
power systems. This revealed flexibility is quantified in terms of the
reduced operational cost of the entire system compared to a dispatch
model neglecting the ability of natural gas and district heating networks
to store energy. Since the dynamics of heat and natural gas flow in-
troduce nonconvexities, we explore convex quadratic relaxations of the
energy flow model in gas [8,15] and heat [11] systems, including the
gas linepack, variable heat temperature and heat mass flow rates as the
three degrees of freedom. We recast the original non-convex model as a
mixed-integer second-order cone program (MISOCP), and eventually
explore the feasibility of solutions achieved.

2. Interactions of Power, Natural Gas, and Heat Systems

Fig. 1 illustrates the interactions among power, heat, and natural
gas systems considered in this paper. The dependency of heat and
electricity outputs by CHPs and heat pumps induces strong inter-
dependencies between the heat and electricity systems. The heat pumps
produce heat from electricity providing electricity demand side flex-
ibility through power-to-heat (P2H). The CHPs produce both electricity
and heat from the combustion of a fuel, e.g., biomass or fossil fuels.
These synergies physically link the power and heat systems. On the
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Fig. 1. Interdependent power, natural gas, heat systems.
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market perspective, the electricity and heat prices are related and de-
termine the profitability and dispatch decision of CHPs and heat pumps.
The cost of heat produced by heat pumps depends on electricity prices
while the CHP units need to decide both power and heat dispatch with
respect to opportunity cost.

The gas-fired power plants are usually flexible units that operate at
the interface of the power and the natural gas systems, yielding both
physical and economic interactions. The gas-fired generators produce
electricity from the combustion of natural gas. This conversion is
characterized by a conversion factor that accounts for the energy losses.
The power output of gas-fired units is directly linked to their fuel
consumption. An intermittent dispatch of gas-fired units in the power
system and thus gas withdrawal from the gas network brings demand
fluctuations and uncertainty into the gas system. Economically, the
price of natural gas at which gas-fired units acquire fuel impacts the
marginal power production cost of these units, and thus the merit-order
in the electricity system.

In addition, there is potential of storing energy in the natural gas
and district heating pipelines, which are expected to be even more in-
creased through power-to-gas (P2G) and P2H technologies [16]. This
additional source of flexibility from existing infrastructure is explored
in the next section.

3. Integrated Multi-Energy Dispatch

This section develops an integrated multi-energy dispatch model,
co-optimizing the operation of electricity, heat, and natural gas sys-
tems.

3.1. Assumptions

The integrated energy systems assume either a single system op-
erator or a perfect information exchange and timing among the systems.
However, in most countries the energy systems are operated in-
dependently and sequentially [17]. See [3,18] and [19] for different
levels of coordination among energy sectors. The focus of this paper is
set on modeling the flexibility provided by the heat and natural gas
networks in an efficient manner. Thus, we aim at accurately modeling
the heat and gas flow problems and put less attention to the power side
by using a simplified lossless DC power flow model. We assume iso-
thermal energy flow in horizontal heat and gas pipelines. We also
consider parallel supply and return pipelines for the heating network
with both mass flow rates and temperatures as control variables to
account for the energy storage capacity in heat pipelines. The natural
gas flow is represented by its steady-state gas flow equation. The dy-
namics in gas pipelines are approximated by accounting for linepack
through varying in- and outflows. Compressor stations and water
pumps are modeled with a constant factor, while neglecting their fuel
and power consumption.

3.2. Objective function

The co-optimization problem aims at minimizing the total cost of
operating power, heat, and natural gas systems over time steps t in the
planning horizon 7 . Accordingly, the objective function reads as

m@in Z [Z cr b + Z ce 8t Z cH Qi

teT \ ieC kek ieHS

E H
+ Z Ci(o piy + 5 Qi,:)),
ieCHP (1a)
where the set of decision variables is ® = {p,,, W; &, Ons> fur, Gmuo 4,
t S R . cHES . ¢HS S R 7S TR
qy(:,tlu,t: Rom,wo PTm,o 8k Qi DPots Dloyes M ot i mfo,v,,’ Moy Tow Tow

S R,i S,out R,out S R S R 3
To,\i?t’ To,v‘,‘?! To,\?,? ’ Y:J,v?lu > To,v,[’ To,v,[’ uo,v,n,t’ uo,v,n,t}' The ﬁrSt term Of (la)

represents the operating cost of non-gas fired unitsi € C given marginal
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cost parameters C{* and power production p;,. The second term corre-
sponds to the cost of gas suppliers k € K with marginal gas supply cost
parameters C and gas supply g .- The third term refers to the operating
cost of heat boilers i € H.S given marginal cost parameters C{! and heat
production Q;,. The last term models the operating cost of CHPs
i € CHP as a linear function of marginal cost C;, electricity and heat
fuel efficiency p* and o, and the respective power and heat production
level.

The objective function (1a) is subject to power constraints (2), heat
constraints (3), natural gas constraints (4), as well as constraints (5)
which couple the three systems. All these constraints are described in
the following.

3.3. Power system constraints

The power system constraints taking into account a lossless DC
power flow model are

0<p,<p.Vit 2a)
0<wy, <Wy,, Vit (2b)
Jord =Bur@ni — 6.0,V (n, 1) € L, t, 20
~Jor St She V(€ Lty 2d)

— <6 <mVnt, 6,,=0,Vn:ref,t, (2e)

where parameters p; and Wj, in (2a) and (2b) restrict the power pro-
duction p;, and w; . of conventional generators i € I and renewable
generators j € 7, respectively. Constraints (2c) define the power flow
fare along transmission line (n, r) by line susceptance B,,, and voltage
angles 6,, at adjacent nodes n and r. The power flow is restricted to
transmission line limits fn,, by (2d). Constraints (2¢) limit the voltage
angles, and set the voltage angle to zero at the reference node.

3.4. Heat system constraints
Following [11], the heat dispatch model considers both mass flow

rates and inlet temperatures as control variables, accounting for tem-
perature dynamics and time delays as

Dt =cmfiB (T, — oY), Yo, t, (3a)
Qi =cmfiP(Ty, = Ty, Voo, i € AP, 1, (3b)
0<Q;<Q,VieHS,t, (32)
ﬂoHES < pr(,SJ - pr,f[, Vo,t, (3d)
mf 15 < mfyE <m0, o, 3e)
meS<mHS§W§HS,Vi€WS,t, 30
—s

mf> <mfy,, <mf, .V (0,v) EP, ¢, 3g)
m_foly{u S m, oI,{v,[ S m_fol,zv’ v (0’ \)) € 7)’ t’ (Sh)

s HS _ s HES v/ ¢ ¢

z mfv,o,t + Z m mfo,v[ + mf o, I,
v:(o,v)EP ie[/ioHS v:(o,v)eP (31)

—_ HES

z vot + Z - z mj,, vt + mf Vo, i
v:(o,v)EP lej(HS v:(o,v)EP (3])
L(,,‘,(mf(7s,‘)’[)2 =pry, —prs, ¥ (0,v) EP, 1, (3Kk)
Loy (mfy, )* = priy — proy, ¥ (0, v) € P, 1, 3D
pry < pry <Pry, pr} < pry <PrSL Vot (3m)
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I3<TS, <T5, IR<STN<RS,Vo,t, (3n)
T =Too Toni=Ta V(0,0 EP,L (30)
Tvst = Tos\?‘tnv T(ft = T(E‘f}", V(o,v)EP,t, 3p)
TSout — 7Sin (1 — 2Hoy S ),V (,v)eP, ¢t
ot o, (t—1) CpRo,v ov,t/> 5 s L (3q)
TROM = TR (1 — Hov R )y (0 v) € P, 1,
ot v,(t—1) chO, ovt (31‘)
t S
Mg, = DS D —5A = Loy M U0,
f=t—7 o,y
Y (0,v) € P, 1 E{0,...To b L, (3s)
t R
M(“z}?\),n,t - 1) < Z RO,‘W At — Lov <M ”ovryt’
j=t—y T o,vp
YV (0,v) €EP, 1 E{0,, TR b L (3t)

Tav
S S
7"o,v,t - Z n(uov NN o,v,(n—l),t)a v (Oa V) € P’ L,

(3w

fa,V
R R R
Tow,t = z U(uo,vvnvt - ”o,v,(w;—l),[)’ V(o,v)EP, L.
=1

3v)

In (3a), the inelastic heat demand D in each district heating node o
is related to the specific heat capacity of water c, heat exchanger mass
flows mf, HES and temperatures at node o of both supply T, and return
network TOV,. Constraints (3b) relate heat production Q;,, which is lim-
ited by its capacity Q; in (3c), to heat station mass flows mfiiIS and
temperature gradients between supply and return networks at heat
stations i € A located at node 0. The minimum pressure gradient
pr, HES between the pressures pry, and pry, between supply and return
network at heat exchanger station node o is enforced by (3d). The mass
flows are restricted in (3e)-(3h) at heat exchange stations by lower
bound mf " and upper bound mf. ", at heat stations i € HS by mf e

and mf; ", and supply and return pipelines (o, v) € # by mf DS‘/)R and

mifiiR, respectively. Constraints (3i) and (3j) balance mass flow for
supply and return network nodes. The Darcy-Weisbach Egs. (3k) and
(31) relate pressure losses due to friction inside the supply and return
pipelines to mass flow rates via pressure loss coefficient L, ,. Con-
straints (3m) and (3n) put upper and lower bounds on nodal pressure
(pr¥®, pry®)) and temperature (T5'%, T;'*) in both supply and return
networks. Pursuing further clarity, the concept of heat flows in these
parallel pipelines is shown in Fig. 2.

The temperature at the entrance of the pipe T[,S/vRt‘n is defined in (30).
Temperature mixing is given by outlet temperatures T5,*"" in (3p). The
heat losses are approximated using first-order Taylor series expansion
of the heat propagation Eqgs. (3q) and (3r) for supply and return

S 7S S 7S
pro ’ TO prv ’ Tv
S,in S S,out
Tow mfyy, ‘ )To,v
s s
o mfHEs mpAES o
R,ou R R,in
™ ﬂ( mfx, Uros
1o To 1 T3

Fig. 2. Heat flow in parallel supply and return pipeline (time index t is dropped
for notational clarity).



A. Schwele, et al.

pipelines, respectively. The water temperatures at the outlet of a pipe
55" corresponds to past temperatures at the inlet Ty," ) at previous
time t — 7 minus heat losses in the pipe. These losses are given by
thermal loss coefficient y, ,, specific water capacity c, water density p
and the radius of the pipe R,, ,. We introduce auxiliary binary variables

OS(,R,][ € {0, 1} and the sufficiently large positive constant M to help

define the varying time delays z5/%. The delay of heat propagation
depends on the mass flow rate at each time step and for each pipe and
the length of the pipe and is defined by (3s) and (3t). Finally, (3u) and
(3v) ensure the minimum delay with the maximum time delay para-

meters TOS/VR, depending on the physical characteristics of the pipelines.

3.5. Natural gas system constraints
Similar to the models in Schwele et al. [7] and Chen et al. [8], we

dispatch the natural gas system using a steady-state natural gas flow
model accounting for linepack in the pipelines. The constraints are

0<g,<8Vkt, (4a)
pr, < Phu: < PT,, V¥V m, L, (4b)
Dlut < Lnu Dy, ¥V (M, u) € Z, t, (40)
At = Km,u\/pri[ pri, ¥V (mouw) e Z,t, (4d)
in out
Qs = w, vV (m,u)e Z,t, (40)
Vot + DT,
Py = Sm,uw, VY (m,u)e Z,t, )
Pt = Bmue-1) + Qoo = Gon s ¥V (M W) € Z, 6> 1, (49)
hm,u,[=H,9,,u+q‘“ut—qmut,V (m,uye Z,t=1, (4h)
Hpyy < sV (m,w) € Z, £ =171, (41)

where (4a) enforces the capacity g, for gas supply g, whereas (4b)
imposes the upper and lower limits pr,, and p7, for pressure pr,, . at each
gas node m. Constraints (4c) provide a linearized representation of
compressor stations along pipeline (m, u) € Z with fixed compression
ratio I',, ,. The non-negative natural gas flow g, ,,, = 0 from node mto u
is defined by the Weymouth Eq. (4d). This equation relates the flow
along a pipeline to the difference of squared pressures at beginning
node m and ending node u of the pipeline and Weymouth constant K, ,,.
We define this natural gas flow along a pipe as the average of inflows
qm « into a pipeline and outflows q°“‘ out of each pipeline in (4e), see
Fig. 3. Constraints (4f) define llnepack hm w¢as a function of pressures at
both ends of the pipeline and pipeline characteristics S,,,. Constraints
(4g) balance in- and outflows with linepack storage in pipelines. Initial
linepack Hp, , at the beginning of the planning horizon and minimum
linepack level in the final time period of the optimization horizon are
ensured by (4h) and (4i) to avoid depletion of natural gas in the net-
work.

3.6. Coupling constraints

The units at the interface, i.e., CHPs, heat pumps, and gas-fired
generators, link the three systems, see Fig. 1. The following coupling
constraints describe the interdependencies among the energy carriers
and how the units at the interfaces link the systems linearly:

P pry
in out
Amu Imu Am,u
m u

Fig. 3. Natural gas flow along a pipeline (time index t is removed).

Electric Power Systems Research 189 (2020) 106776

Z 8k — Z ¢ Dy — z

G
(qmut - qlflrln[t = Dm,t’ Vom,t,

keAl; ieA; w:(mu)eZ (5a)
1Qit <py,, Vi€ CHP, L, (5b)
0<p"p, +0"Qu<P.VieCHP, L, 50
Qi = COPD!F, Vi€ HP, t, (5d)
2Pt X we— 2 f=Di+ X DIVt

ieAl jeAy, ri(n.reL ieAlP (5e)

Constraints (5a) balance gas injection and inelastic demand DS, of
units A$) located at node m with in- and outflow from and to adjacent
nodes u of the natural gas network. The fuel consumption of natural
gas-fired generators is translated into a nodal, time-varying gas demand
¢:p;, via fuel conversion factor ¢;. Constraints (5b) and (5c) define the
joint feasible operating region of an extraction CHP. The heat and
electricity outputs Q;, and p;, of each CHP are linked through output
ratio r; in (5b). The total capacity limits of CHP units are enforced by
(5¢). Constraints (5d) translate the heat production of heat pumps Q;, to
power consumption D/{¥ by the coefficient of performance COP;. Nodal
power balance (5e) matches the inelastic electricity demand DY, and
electricity consumption by heat pumps D/T* with the power generation
from conventional, gas-fired, CHP and renewable units A located at
node n accounting for power flows along adjacent power transmission
lines.

The resulting model (1)-(5) is a mixed-integer non-linear program
(MINLP). It is a challenging problem to deal with, as there is no off-the-
shelf solver available for a MINLP problem. In the next section, while
keeping the binary variables, we convexify the nonlinearities arising
from heat and gas flow models. This will eventually result in a MISOCP.

4. Convexification

The non-convexities of MINLP model (1)-(5) arise from quadratic
equality constraints (3k), (31), and (4d), as well as bilinear terms in
(3a), (3b), (39), and (3r). We first apply quadratic relaxations that allow
for modeling both natural gas flow and heat mass flow related to
pressure drops. Then, bilinear terms are convexified using a lineariza-
tion technique [11] and McCormick relaxations [20].

4.1. Quadratic relaxation
The steady-state gas flow Eq. (4d) can be made convex using a
second-order cone (SOC) relaxation. We first reformulate (4d) as

Qi < K@l = Pri), V (myw) € Z, 8, (6a)

Govses 2 K@ = 1) ¥ (mw) € Z, 1, (6b)

and then drop (6b). Now, (6a) is a SOC constraint, see left plot in Fig. 4.
Reference [21] proves the SOC relaxation to be exact under several
conditions. The pressure loss Egs. (3k) and (31) can be convexified in a
similar manner. After reformulating them as

Lo,v(mfo%£§)2 < prvs,/[R - proS/tR’ v (0’ V) € 7)) L, (721)

Lou(mfy R0 2 prift = proff, v (0, v) € P, 1, (7b)

and dropping (7b), the remaining (7a) are SOC constraints, as shown in
the middle plot of Fig. 4.

4.2. Linearization and relaxation of bilinear terms

4.2.1. Linearization
The heat propagation Egs. (3q) and (3r) are non-convex due to the

bilinear terms T R(':“ S/R)TOS/VR, and the use of varying time delays 75+ as
ov,(t=thp)
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mf 150 30

78 — TR

Fig. 4. Three dimensional illustrations of the relaxations. The plots on the left-hand, middle, and right-hand sides show the relaxation corresponding to constraints
(6a), (7a), and (3a) and (3b), respectively. The left-hand plot shows the relaxed Weymouth Eq. (6a) for flow g,,, as a function of pressures at inlet and outlet nodes,
i.e., pr, and pr,,. In the middle, the relaxation of the Darcy-Weisbach Eq. (7a) is plotted with mass flow mf,, , as a function of pressures at inlet and outlet nodes, i.e.,
pr, and pr,. The dashed arrows in the left and middle plots show the area under the surface added to the feasible space by conic relaxation. McCormick envelopes for
bilinear terms mf (TS — TR) are illustrated in the right-hand plot. Time index t is dropped for notational clarity.

indices. We follow the approach in Mitridati and Taylor [11] to line-
arize these constraints in an exact way using auxiliary binary variables

vfj(f,],[ € {0, 1} as well as a sufficiently large positive constant M. Pur-

suing linearity of (3q), we include the following constraints:

S =8,in S
-M vo,v,n,t < To,v,n,[ < M vo,v,n,[’

V(,v)eEP,ne {0,...,f,fv}, t, (8a)

~S.i S 2u

S, S, )

Mg =) T = T (1= )
0,V

SMA—v,0. YV (0, V) EP, nE,.. Tt (8b)

M(Vos,v,n,t - 1) < n-— Tos,v,[ < M(l - vos,v,n,[)’
Y (0,v) EP, 1 €0, Toyh L, (8c)

=S

T

Z \)OS,U,W =1,V (o,v) P, t,

7=0 (8d)
T

oo = Z TOS;EV[, V (0,v) E P, t.
7=0 (8e)

Note that (3r) can be reformulated in the same manner.

4.2.2. McCormick relaxation

Pursuing convexity, bilinear terms mf (TS — T®) in (3a) and (3b) are
linearized using McCormick envelopes [20], illustrated in the right plot
of Fig. 4. We can now solve (1)-(3p), (3s)-(4c), (4e)—(5), (6a), (7a), (8)
as a MISOCP.

5. Case Study
5.1. Input data

We apply the proposed combined power-heat-gas dispatch (1)—(5)
with convexified formulation from Section 4 on an integrated energy
model based on the IEEE 24-bus reliability test system [22], coupled
with a 12-node gas network [5] and a 3-node district heating network
[11] over a 24-hour scheduling horizon. This integrated energy system
is depicted in Fig. 5. All input data can be found in the online appendix
[23].

A wind farm, whose power output realization is given in Fig. 6, five
non-gas-fired units, six gas-fired units and a biomass-fueled CHP unit
are available to supply electricity load. The CHP unit and a heat pump
cover the heat demand, while gas fuel is provided by three gas sup-
pliers. The electricity, heat and natural gas loads are shown in Fig. 6.

The optimization problem is solved on an Intel core i5 computer
clocking at 2.3 GHz, using Gurobi solver 8.0 with Python, allowing the
instance to reach an optimality gap of 0.02% in less than one second.

5.2. Numerical results

We first provide the results obtained for the total operational cost of
the integrated energy system, i.e., the optimal value of objective func-
tion (1a). This cost is achieved under varying levels of wind power
penetration, which is defined as the ratio of total wind power capacity
to maximum electricity demand. Fig. 7 shows decreasing operational
cost of the integrated energy system for increasing levels of wind power
penetration. We compare these results to a dispatch that does not ac-
count for network flexibility. We replace gas linepack constraints
(4)-(41) by qyir:u’l = qy‘:lt‘lil, VY (m, u) € Z, t, balancing in- and outflow of
gas pipelines neglecting the linepack. The flexibility from the heating
network given in constraints (3) is omitted by dispatching heat ac-
cording to heat production capacity limits (3c) and system-wide heat
balance Y. DIt = Yicps Que» V t. Accounting for flow dynamics
and storage in gas and heat pipelines decreases the total system cost by
2% on average compared with the case neglecting network flexibility.

Fig. 8 shows the total amount of natural gas and heat supplied and
consumed for the entire 24-hour horizon. When modeling linepack,
consumption and supply of natural gas and heat do not necessarily need
to be matched in each time period. The amount of energy stored in the
pipelines (which is highlighted in shaded zones in Fig. 8) directly im-
pacts the profiles of natural gas and heat supply. When the wind power
generation is high in the beginning hours of the time horizon, heat is
produced by heat pumps and stored in the district heating system in the
first seven hours. Simultaneously, natural gas is accumulated within
pipelines until hour 11. During a period of low output from wind power
and high power and heat demand in hours 19-23, the linepack stored in
gas pipelines is used to fuel electricity production and heat that was
previously stored in the district heating network is consumed.

The flexibility provided by energy storage in the networks allows
not only to decouple gas supply from consumption and heat production
from demand, but also shifting electricity production and consumption.
Network flexibility improves utilization of power production from
variable renewable sources. This is evident in reduced wind curtailment
over the planning horizon. As shown in Fig. 9, the wind curtailment is
reduced by 1.2% on average when accounting for energy storage in
networks.

5.3. Feasibility verification

Relaxing the original MINLP into a MISOCP enables us to efficiently
find an optimal solution. However, this solution is based on relaxations
of the original constraints, and therefore, the original constraints might
not be hold. Thus, an ex-post evaluation of the results obtained from the
MISOCP with respect to the original set of constraints is required.

First, we check the feasibility of results for the heat system. We fix
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Fig. 7. Total operational cost of the entire integrated energy system in cases
with and without considering network flexibility as a function of wind power
penetration, i.e., the total wind power capacity divided by the maximum power
demand.

all mass flow rates and binary variables to the optimal value obtained
from the MISCOP. We then solve the original set of constraints resulting
in a linear set of equations to obtain new values for pressures and
temperatures at heat nodes. To solve the resulting system of equations,
we adjust the nodal temperature bounds, which results in about 1%
increase of the temperature interval. We recover a feasible solution for
the real equations of the heat network under this slight parametric
change.

Then, we check the feasibility of solution achieved for the natural
gas system. We compute the normalized root mean square error
(NRMSE), where the error is defined as the difference between the left-
hand and right-hand sides of the relaxed Weymouth Eq. (6a) for all time
steps and pipelines. The average NRMSE for the different wind power
penetrations is 1.84%. We observe that there is no mismatch in most
pipelines and time steps, but it reaches 100% in pipelines 3, 7 and 8
during particular periods, see Fig. 10. Note that the pipelines in the
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network loop are prone to mismatch. Since the occurrence rate of error
is low, the relaxation seems sufficiently tight.

6. Conclusion

We introduced an integrated power-heat-gas dispatch accounting
for the interactions of the three energy carriers and flow dynamics in an
efficilent manner using convex relaxations. This ideal benchmark
showed the maximum potential of flexibility provided by the existing
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Fig. 10. Matrix plot of the relative error between right-hand and left-hand sides
of relaxed Weymouth Eq. (6a) for each time step (x-axis) and each pipeline (y-
axis).

natural gas and heating infrastructure. We quantified the social value in
terms of reduced total system cost that short-term operational flexibility
from energy storage in district heating and natural gas networks can
provide for the power system. This coordination of energy carriers is an
inexpensive solution for increasing the flexibility of the system com-
pared to investing in other storage options and grid reinforcement and
interconnections.

As future works, it is of interest to explore the additional alter-
natives to further tighten the relaxation techniques used. It is also of
interest to investigate how the natural gas and heat networks can
provide the flexibility without need to solve a co-optimization, and how
this flexibility should be monetized and paid. Furthermore, increasing
the interactions among all systems, e.g., gas-fueled CHPs, P2G units,
natural gas boilers, and multi-generation units, in a larger test case is
left for future research.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

References

[1] E. Litvinov, F. Zhao, T. Zheng, Electricity markets in the United States: Power in-
dustry restructuring processes for the present and future, IEEE Power Energy Mag.
17 (1) (2019) 32-42.

[2] X. Chen, C. Kang, M. O’Malley, Q. Xia, J. Bai, C. Liu, R. Sun, W. Wang, H. Li,
Increasing the flexibility of combined heat and power for wind power integration in
China: Modeling and implications, IEEE Trans. Power Syst. 30 (4) (2014)
1848-1857.

[3] A. Zlotnik, L. Roald, S. Backhaus, M. Chertkov, G. Andersson, Coordinated sche-
duling for interdependent electric power and natural gas infrastructures, [EEE
Trans. Power Syst. 32 (1) (2017) 600-610.

[4]

[5

[6]

[7

[8]
[91

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Electric Power Systems Research 189 (2020) 106776

L. Bai, F. Li, T. Jiang, H. Jia, Robust scheduling for wind integrated energy systems
considering gas pipeline and power transmission N — 1 contingencies, IEEE Trans.
Power Syst. 32 (2) (2017) 1582-1584.

C. Ordoudis, P. Pinson, J.M. Morales, An integrated market for electricity and
natural gas systems with stochastic power producers, Eur. J. Oper. Res. 272 (2)
(2019) 642-654.

C.M. Correa-Posada, P. Sanchez-Martin, Integrated power and natural gas model for
energy adequacy in short-term operation, IEEE Trans. Power Syst. 30 (6) (2015)
3347-3355.

A. Schwele, C. Ordoudis, J. Kazempour, P. Pinson, Coordination of power and
natural gas systems: Convexification approaches for linepack modeling, Proceeding
of the 13th IEEE PES PowerTech Conference, Milan, Italy, 2019.

S. Chen, A.J. Conejo, R. Sioshansi, Z. Wei, Unit commitment with an enhanced
natural gas-flow model, IEEE Trans. Power Syst. 34 (5) (2019) 3729-3738.

C. Lin, W. Wu, B. Zhang, Y. Sun, Decentralized solution for combined heat and
power dispatch through Benders decomposition, IEEE Trans. Sustain. Energy 8 (4)
(2017) 1361-1372.

Y. Zhou, W. Hu, Y. Min, Y. Dai, Integrated power and heat dispatch considering
available reserve of combined heat and power units, IEEE Trans. Sustain. Energy 10
(3) (2019) 1300-1310.

L. Mitridati, J.A. Taylor, Power systems flexibility from district heating networks,
Proceeding of Power Systems Computation Conference (PSCC), Dublin, Ireland,
(2018).

Z. Li, W. Wu, M. Shahidehpour, J. Wang, B. Zhang, Combined heat and power
dispatch considering pipeline energy storage of district heating network, IEEE
Trans. Sustain. Energy 7 (1) (2015) 12-22.

Y. Chen, Q. Guo, H. Sun, Z. Li, Z. Pan, W. Wu, A water mass method and its ap-
plication to integrated heat and electricity dispatch considering thermal dynamics,
arXiv preprint arXiv:1711.02274 (2017).

M. Geidl, G. Koeppel, P. Favre-Perrod, B. Klockl, G. Andersson, K. Frohlich, Energy
hubs for the future, IEEE Power Energy Mag. 5 (1) (2006) 24-30.

G. Byeon, P. Van Hentenryck, Unit commitment with gas network awareness, IEEE
Trans. Power Syst. 35 (2) (2020) 1327-1339.

A. Belderbos, E. Delarue, W. D’haeseleer, Possible role of power-to-gas in future
energy systems, Proceeding of International Conference on the European Energy
Market (EEM), Lisbon, Portugal, (2015).

P. Pinson, L. Mitridati, C. Ordoudis, J. @stergaard, Towards fully renewable energy
systems: Experience and trends in Denmark, CSEE J. Power Energy Syst 3 (1) (2017)
26-35.

L. Mitridati, P. Pinson, Optimal coupling of heat and electricity systems: astochastic
hierarchical approach, Proceeding of the 16th International Conference on
Probabilistic Methods Applied to Power Systems (PMAPS), Beijing, China, (2016).
L. Mitridati, J. Kazempour, P. Pinson, Heat and electricity market coordination:
Ascalable complementarity approach, Eur. J. Oper. Res. 283 (3) (2020) 1107-1123.
G.P. McCormick, Computability of global solutions to factorable nonconvex pro-
grams: Part I — Convex underestimating problems, Math. Program. 10 (1) (1976)
147-175.

M.K. Singh, V. Kekatos, Natural gas flow solvers using convex relaxation, IEEE
Trans. Control Netw. Syst. (2020). To be published. https://doi.org/10.1109/TCNS.
2020.2972593.

C. Ordoudis, P. Pinson, J.M. Morales, M. Zugno, An updated version of the IEEE RTS
24-bus system for electricity market and power system operation studies - DTU
working paper (available online), 2016, Available: http://orbit.dtu.dk/files/
120568114/An.

A. Schwele, A. Arrigo, C. Vervaeren, J. Kazempour, F. Vallée, Online companion:
Coordination of electricity, heat, and natural gas systems accounting for network
flexibility, 2020, [Online]. Available: https://doi.org/10.5281/zenodo.3463161.


http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0001
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0001
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0001
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0002
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0002
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0002
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0002
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0003
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0003
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0003
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0004
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0004
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0004
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0005
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0005
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0005
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0006
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0006
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0006
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0011a
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0011a
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0011a
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0007
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0007
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0008
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0008
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0008
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0009
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0009
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0009
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0010
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0010
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0010
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0011
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0011
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0011
http://arxiv.org/abs/1711.02274
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0012
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0012
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0013
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0013
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0014
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0014
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0014
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0015
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0015
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0015
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0016
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0016
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0016
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0017
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0017
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0018
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0018
http://refhub.elsevier.com/S0378-7796(20)30579-4/sbref0018
https://doi.org/10.1109/TCNS.2020.2972593
https://doi.org/10.1109/TCNS.2020.2972593
http://orbit.dtu.dk/files/120568114/An
http://orbit.dtu.dk/files/120568114/An
https://doi.org/10.5281/zenodo.3463161

	Coordination of Electricity, Heat, and Natural Gas Systems Accounting for Network Flexibility
	Introduction
	Interactions of Power, Natural Gas, and Heat Systems
	Integrated Multi-Energy Dispatch
	Assumptions
	Objective function
	Power system constraints
	Heat system constraints
	Natural gas system constraints
	Coupling constraints

	Convexification
	Quadratic relaxation
	Linearization and relaxation of bilinear terms
	Linearization
	McCormick relaxation


	Case Study
	Input data
	Numerical results
	Feasibility verification

	Conclusion
	Declaration of Competing Interest
	References




