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ARTICLE INFO ABSTRACT

To reduce the emissions of greenhouse gases and air pollutants, various low-emission measures have been taken
in the power system, which are gradually intensifying the interdependency among different energy systems.
Considering the carbon trading scheme and different air pollutant control technologies, this paper proposes an
environmental economic dispatch model for the coordinated operation of an integrated regional energy system,
which consists of a regional electricity supply network and a natural gas network, along with district energy
hubs. Each energy hub contains a combined heat and power unit, a CO,-capture-based power to gas facility, a
heat pump, a gas furnace and different energy storage facilities. To achieve an optimized balance between
operational cost and emissions during the environmental economic dispatch of this integrated regional energy
system, a price-based integrated demand response program is introduced in the energy hub. Then the proposed
model is converted into a mixed-integer linear programming problem to find solutions efficiently. Case studies
are carried out to demonstrate the effectiveness of proposed environmental economic dispatch model of the
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integrated regional energy system.

1. Introduction

Threatened by global warming and air pollution, environmental
issues have caught increasing attention in recent years. In 2015, the
Paris Agreement sets up the target to keep the increase of global tem-
perature well below 2 Celsius degrees above pre-industrial levels [1].
Additionally, a series of detailed provisions have been implemented by
many countries to reduce the pollution emissions [2].

Nowadays, the power system mainly depends on fossil fuel power
plants, which are one of the major emission sources of greenhouse gases
and air pollutants, and thus various measures have been taken to mi-
tigate their environment impacts. Firstly, gas-fired units and combined
heat and power (CHP) units are widely built, due to their lower pol-
lutions and higher energy efficiencies [3]. Secondly, different emission
control technologies are developed for fossil fuel power plants. For
instance, carbon capture and storage (CCS) technologies can effectively
reduce CO, emission [4], while the selective catalytic reduction (SCR)
technology and the flue gas desulfurization (FGD) technology can be
separately deployed to reduce the emissions of NO, and SO, [5].
Thirdly, large-scale renewable energy sources are gradually integrated
into the power system, especially wind and solar power. The Global
Wind Energy Council forecasts that the newly installed capacity of wind
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power will be at least 55 GW each year until 2023 [6]. To deal with the
intermittency of wind power output, diversity flexibility options [7],
such as power to gas (P2G) technology and demand response (DR)
programs, are developed to improve the wind power utilization.

The traditional environmental economic dispatch (EED) problem is
to optimize both economic cost and environmental cost with opera-
tional constraints of the power system [8]. However, these power
system constraints will not be sufficient to describe integrated energy
systems where CHP units and gas-fired units appear in the inter-
connected electrical power system, district heating network and natural
gas supply network. With the continuing increase of the installed ca-
pacity of gas-fired units, P2G facilities and CHP units, the inter-
dependence of electricity network, natural gas network and district
heating network is increasingly intensified, which calls for the relevant
research on these integrated energy systems (IES) [9]. In the context of
IES, if the EED only considers the operational constraints of the power
system, it will result in sub-optimal or even infeasible operation for
other energy systems. Therefore, it is of great significance to study the
EED considering the operational constraints of the overall IES.

There are already existing studies on the EED of IES. To reduce the
CO,, emission, a stochastic security-constrained unit commitment model
is proposed in [10] under the CO, emission limit and operation

Received 6 May 2019; Received in revised form 22 August 2019; Accepted 1 September 2019

Available online 11 September 2019
0142-0615/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2019.105525
https://doi.org/10.1016/j.ijepes.2019.105525
mailto:zhglu@ysu.edu.cn
https://doi.org/10.1016/j.ijepes.2019.105525
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2019.105525&domain=pdf

L. He, et al.

Electrical Power and Energy Systems 116 (2020) 105525

Nomenclature
Indices and sets

b,n indices of electricity network buses and gas network nodes

¢, cl, c2 indices of compressors, compressor head nodes, and
compressor tail nodes

d index of load demand

e, g, h indices of electricity, gas, and heat

i, j, k, w indices of coal-fired units, gas-fired units, energy hubs,
and wind farms

1, 11,12 indices of transmission lines, line head buses, and line tail
buses

D, p1, p2 indices of gas pipelines, pipeline head nodes, and pipeline
tail nodes

t,T indices of hours

9] indices of gas wells

Qp, Qpn  sets of energy carriers and energy hubs

Qp, Qn, Qpp sets of electrical buses, gas network nodes, and trans-
mission lines

Qcu, Qcu, Qwr  sets of coal-fired units, gas-fired units, and wind
farms

Qcom, Qcp, Qpp, Qwr  sets of gas compressors, gas pipelines, passive
pipelines, and gas wells

Variables

ES(ykt storage capacity of storage facility in energy hub k at time

t

I8, I}, statuses for inflow/outflow of storage facility in energy
hub k at time t

IpiGke status indicator of power to gas facility in energy hub k at
time ¢t
Ly load demand d at time t

Py, Py, By power outputs of coal-fired unit i, gas-fired unit j, and
wind farm w at time t

PLy; power flow of transmission line [ at time t

Pry,, pressure of gas node n at time t

Q(%OZ, QIS’% CO, emission/emission quota

Q;t gas consumption of gas-fired unit j at time t
Q(I_‘;O" NOx emission

Qu gas flow of gas pipeline p at time t

Qut gas production of gas well w at time t

So» S(i,‘)‘, S(‘?)‘“ state variables of energy hub

80 bus voltage angle

Par price of load demand d at time ¢t

Constants

ag, by, ¢y heat rate curve coefficients

Ap(y» Bn(yincidence matrices for bus b and node n

Gy gas flow coefficient of gas pipeline p

Eq) price elasticity of load demand d

ELy;, GLy, P‘f,, forecast values of electricity load b, gas load n, and
wind farm w at time t.

Lni initial value of load demand d

RU), RD() ramp up/down rate of a unit

a¥%x, BNOx, yNOx NOx emission coefficients of coal-fired unit i

x(lfgox, 5(1,\;0" NOx emission reduction coefficients for generating units
with lower NOx burner and selective catalytic reduction

device

0 efficiencies of different facilities in energy hub

02, pNOx carbon trading price and NOx emission penalty price

ol initial price of load demand d

o generation cost of coal-fired unit i

I8 gas production cost of gas wellw

U2 x5 €O, emission/emission quota coefficients

i %, up* NOx emission coefficients of gas-fired unit i

ulﬁgfk CO,, reaction coefficient of power to gas facility in energy
hub k

/1(1_‘;0’( threshold coefficient of selective catalytic reduction device

gJNOX combustion mode coefficient of combined cycle gas tur-
bine j

¢;, o acceptable price adjustment coefficients of load demand d

qa;, @ IDR participation coefficients of load demand d
(“)min/max Min/max value of a quantity

constraints of electricity and natural gas infrastructures. A flexible op-
eration mode of carbon capture systems and P2G facilities is analyzed in
[11], and the CO, processing cost is considered in a low-carbon eco-
nomic dispatch model of electricity-gas IES. In [12], CO, emission cost
is embedded into an optimal energy flow model of electricity-gas-heat
IES, and then the locational margin prices are calculated. In [13], an
optimal energy flow model of large-scale IES is presented considering
the carbon trading market, and three decentralized algorithms are
adopted to deal with the limited information exchange of different
subareas. In [14], the carbon emission flow theory is extended to the
IES from the power system, and the corresponding calculation methods
are proposed to quantify the carbon emission responsibility among
different energy systems. Except for CO,, the air pollutant emissions of
SO, and NO, have also been considered in [15], and an interval opti-
mization strategy is proposed of electricity-gas IES. To better control
the air pollutant concentration, a spatial and temporal diffusion model
of air pollutant emissions is presented in [16], and a two-layer convex
decentralized optimization is proposed to handle the information
sharing difficulties between electricity and natural gas systems. How-
ever, mature air pollution control technologies, such as SCR and FGD,
which have been widely deployed in existing fossil fired power plants,
are not considered in [10-16].

Furthermore, demand response (DR) is one of the most effective
means to reduce the EED costs of the power system [17,18], and various

DR programs have been applied in the IES operation. The coupon-based
DR and interruptible-load based DR are both integrated into virtual
power plants to maximize the daily profit of an electricity-gas IES utility
company [19]. Considering the load forecast errors and random outages
of the power system, an hourly electricity DR is incorporated into the
stochastic coordinated scheduling of electricity-gas IES to reduce the
system operation cost by offering a flat load profile [20]. On this basis,
an hourly gas DR is analogously formulated in [21] to relieve power
shortage of gas-fired units, and the integrated gas-electricity DR pro-
grams are further discussed for their impact on the energy market
clearing and locational marginal energy prices. Similarly, to coordinate
the peak electricity and gas loads of electricity-gas IES, an incentive DR
program is presented with compensation prices for different load nodes
[22]. However, these DR programs in [19-22] may result in customers’
discomfort due to modifying their desired load profiles to the scheduled
patterns. A comprehensive review of the integrated demand response
(IDR) is conducted in [23], which points out that the IDR can utilize the
complementarity of different energy carriers to improve the operation
characteristics of different IES while maintaining the customers’ com-
fort. In [24], a stochastic scheduling model is proposed for inter-
connected EHs considering an IDR program, where the IDR program is
divided into an internal DR program and an external DR program. The
internal DR is achieved by the energy conversion process within the
smart EH, while the time-shifting and interruptible DR programs are
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defined as the external DR on the customer side. In [25], an IDR pro-
gram with different energy storage devices is studied within the smart
EHs, and a bi-level optimization model is formulated to reduce the
operational cost of the electricity-gas-heat IES. Aiming to maximize the
profit of natural gas and electricity utility companies and minimize the
cost of customers simultaneously, a non-cooperative game model is
proposed in [26] by embedding an IDR program into a set of smart
energy hubs (EHs). However,

the above studies [19-26] mainly adopt various DR programs to
improve the operation economy of different IESs, while the environ-
ment impacts have not been discussed.

In view of the above issues, this paper aims to study the EED for
large scale IES, i.e., the integrated regional energy systems (IRESs), by
considering the impact of air pollutant control technologies and DR
programs. The concept of IRES is the same as what is called ‘regional-
district IES’ in [27], and it contains key objects like the regional elec-
tricity and natural gas transmission networks, the loads, and the con-
nections between the regional transmission networks and the loads,
such as the distribution, conversion and storage facilities which can be
well-described by the concept of EH.

The main contributions of this paper are listed in the following two
aspects.

(1) An EED model is proposed for an IRES considering the operational
cost and the emission cost simultaneously. To reduce the emissions
of greenhouse gas CO, and air pollutant NOx, a carbon trading
scheme is introduced, and different air pollution control technolo-
gies are deployed in the fossil-fired power plants.

(2) EHs are considered within the IRES, and each EH contains a CHP
unit, a CO,-capture-based P2G facility, a heat pump, a gas furnace
and different energy storage facilities. Additionally, a price-based
IDR program is embedded into these EHs to improve the EED of the
IRES.

The remaining part of this paper is organized as follows. In Section
2, system descriptions of the IRES are presented, and the formulation of
a price-based IDR is given. In Section 3, the gas emission models are
introduced, and then the EED model of IRES is presented. Several case
studies are analyzed in Section 4, and main conclusions are drawn in

Coal-fired
units

Wind farms

Gas-fired |§
units

Gas wells

Electricity network

Natural Gas network
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Section 5.

2. System description and integrated demand response
2.1. Description of IRES

The system sketch of an IRES is illustrated in Fig. 1. The energy
transmission part of this IRES is composed of the electricity network
and natural gas network, which are coupled by gas-fired power gen-
eration units and EHs. Each EH contains the electricity load and gas
load of the IRES, power generation and energy storage facilities. Since
its optimal management is considered here under IDR, it is also referred
as a smart EH. Note that P2G and energy storage facilities can appear in
both the regional energy transmission networks and the local EHs. To
simplify the analysis, we assume that the P2G and energy storage fa-
cilities only appear in the EHs. Meanwhile, similar to many existing
studies [11,12,21,22], we also assume that the presented IRES can be
controlled by one utility to achieve the operation optimization.

2.2. EH

Energy hub is a novel concept to integrate multiple energy carriers.
It is mainly composed of input ports, internal elements and output
ports. The input ports are connected to the transmission or distribution
networks of multiple energy systems as demand. Different energy de-
mands at the output ports are supplied by three types of supplying
elements, i.e., direct connection elements, energy conversion elements
and energy storage elements. The structure of an EH is shown in Fig. 2.

The electricity P, and natural gas F, are supplied from the electricity
network and natural gas network, respectively. The direct connection
elements (a transformer or a gas pipeline), energy conversion elements
(a CO,-capture-based P2G facility [28], a CHP unit, a gas furnace and a
heat pump), and energy storage elements (a heat storage or a gas sto-
rage) are coordinated to meet the consumers’ electricity demand L,
heat demand Ly, and gas demand Lg. To reduce the calculation com-
plexity, the linear mathematical model of the EH is formulated by the
state variables of internal elements [29]. For the direct connection
elements and the energy conversion elements, the input variables are
chosen as the state variables, i.e., St, Sg, Spg, Sup, Scup, and Sgg.

Electricity load

mmm Electricity load
EHs mmmmm) Heating load

) Gas load

Gas load

Fig. 1. Framework of an IRES.
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Fig. 2. Structure of an EH.

Additionally, the state variables for the energy storage elements are
composed of both input variables and output variables, i.e., S, S&,
Sg5et, and SZ&'. With these state variables, the relationship between state
variables and output port variables can be described as (1).

S
nTe 0 S 0 0 7cppe PtG 00
SG] +10 Nypp UCHPh nGFh SCHP - (1) (1)

0 0

[S ] [ } [Sogt]
+|1 0 out
SHs 0 1]L5 (@)

where 7., is the energy transmission efficiency of the transformer;
Ncnp, 1S the energy conversion efficiency from gas to electricity of the
CHP unit; 7cypy, and 7, are the energy conversion efficiencies from
gas to heat of the CHP unit and the gas furnace, respectively; and 7,
is the energy conversion efficiency from electricity to heat of the heat
pump.

Similarly, the relationship between state variables and input port
variables is given as (2).

Spic

Rl _ [1 0] St + 1 1.0 0] Sup
B~ Lo 1][ss “Mpcg O 1 1|{ Scup
Scr 2

where 7y, is the conversion efficiency from electricity to methane of
the PtG facility.

2.3. Integrated demand response

For an EH equipped with advanced metering infrastructure (AMI)
and information communication technology (ICT), various IDR pro-
grams, e.g., price-based DR programs and incentive-based IDR pro-
grams, can be successfully implemented to improve the operation
characteristic of the IRES. To formulate the customers’ behaviors with
respect to various DR programs, a general economic load model is
presented in [30,31] to achieve the maximum benefit of the customers
in electricity and gas consumption, and it is further employed in [32] to
minimize the operation cost of an EH. In this paper, this widely ac-
cepted model is adopted to illustrate the price-based IDR program, and
the modeling process with price elasticity is briefly described as fol-
lows.

The sensitivity of customers’ energy demands with respect to dif-
ferent energy prices is usually described by the elasticity. If the custo-
mers’ energy demands are only sensitive to the energy prices in the
current period, these customers will only have a negative self-elasticity
of energy demands. Conversely, if the customers’ energy demands are
sensitive to the energy prices in the other periods, these customers will

Electrical Power and Energy Systems 116 (2020) 105525

have a positive cross-elasticity of energy demands. The self-elasticity
and cross-elasticity are presented as [33]

ini

et oL
Egu=-"L"4 de O

Ly apdt 3)
Eun = POl (4 gy

LI 0oy, @

where Qg = {e,g,h} is the set of different energy resources; E; is the
self-elasticity of load demand d at time t responsible to the energy price
at time t, and its value is always negative; E; . is the cross-elasticity of
load demand d at time t responsible to the energy price at time 7, and its
value is always positive; LI and L, are the initial energy consumption
and modified energy consumption of load demand d at time ¢; ,ocg“ and
py are the initial energy price and modified energy price of load de-
mand d at time ¢.

The customers’ net benefit is equal to the difference between the
obtained benefit from energy consumption and the energy purchasing
cost.

B(La) = l)b(Ldt) -

For the modified energy consumption of customers, the widely
adopted benefit function can be expressed as [34]

P Lar, d € Qg 5)

Ly _Lun

L — Lini + mlL _le 1+
P(Lar) = P(Lg) La: ( 2y n Ll

), de Qg
(6)

To achieve the maximum of customers’ net benefit, the differential
equation 0B(Lg;)/0Lg; = 0 should be calculated, and then the customers’

energy consumption can be formulated with the self-elasticity in the
current period.

[ mi
La = LiM[1 + Ed,,,[u]], de Qg

ini
dt

)

Similarly, the customers’ energy consumption with the cross-elas-
ticity in the other periods can be expressed as

p pln]
> Eg [f( drplm T 1lde o

Ly =LM|1+

TEQT&T#L dt

(8

Combining Egs. (7) and (8), the customers’ energy consumption
under the maximum net benefit is represented as [30]

. 04 pml O — pml
Ly = L1+ E,m[%md’ + ), Eau| /|| de e
Pt reQr&TAt Pir

©)

Note that the load response model in Eq. (9) is both suitable for the

electricity load and gas load. Meanwhile, we assume that the heat load

demand is inelastic in the EH, i.e., self-elasticity and cross-elasticity of

heat load are equal to zero. Thus, the IDR program in the EH mainly

includes the electricity demand response (EDR) and gas demand re-
sponse (GDR).

3. EED model of the IRES
3.1. Gas emission modeling

To consider the environmental impacts on the IRES, the gas emis-
sions from the combustion of fossil fuels cannot be neglected. As shown
in Figs. 1 and 2, coal-fired units, gas-fired units and EHs (referring to
CHP units and gas furnaces) are the main emission sources of CO5, NOx
and SO,. CO, is one of the primary greenhouse gases, and its emission
should be controlled to mitigate the global warming. Nowadays, var-
ious policies have been developed to reduce the CO, emission, such as
carbon tax and carbon trading scheme. Compared with the simple
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penalty by adding a carbon tax rate, emission quotas will be allocated
to the CO, emission sources in the carbon trading scheme. According to
the differences between actual emissions and emission quotas, the CO,
emission sources can then choose to purchase or sell their emission
quotas for emission permit or obtaining profit. In addition, NOx and
SO, are typical air pollutants, which are harmful to the environment
and human health. Thus, different air pollution control technologies
have been applied to significantly reduce them. For instance, low NOx
burner (LNB) and selective catalytic reduction (SCR) technology have
been widely deployed in fossil-fired units to reduce the NOx emission,
and the flue gas desulfurization (FGD) technology is adopted for re-
ducing the SO, emission from the coal-fired units. Note that the SO,
emission intensity of gas-fired units is negligible when it is compared
with that of coal-fired units, and more than 90% SO, from the flue gas
of coal-fired units can be absorbed by the FGD technology. Therefore,
the gas emissions of the IRES only focus on the CO, and NOx in this

paper.

3.1.1. CO, emission and quota
For the coal-fired units and gas-fired units, the CO, emissions are
proportional to their power outputs (10) and (11).

Q" = uf”P, i € Qcu (10)

Q% = K72 P, j € Qau an

where P, and P; are the power outputs of the coal-fired unit i and the
gas-fired unit j, respectlvely, Q%2 and Q-COZ are the CO, emissions of the
coal-fired unit i and the gas-fired unit j, respectively; 4" and x> are
the CO, emission coefficients of the coal-fired unit i and the gas-fired
unit j, respectively.

Similarly, the CO, emissions from CHP units and gas furnaces are
proportional to their power outputs and heat supplies. Note that P2G
facilities in EHs can reduce the CO, emission of CHP units by synthe-
sizing natural gas, thus the net CO, emission from an EH can be de-
scribed as

Q% = IJCCHP Penp + IJGF 62 SrkTGEk — VnakSPiG.k k € Qen 12)

where Q® is the net CO, emission of the EH k; 73, and ugp? are the
CO,, emission coefficients of the CHP unit and the gas furnace in the EH
k, respectively; vl,clgfk is the CO, reaction coefficient of the PtG facility in
the EH k; Pcyp is the equivalent power output of the CHP unit in the

EH k, and it can be expressed as
Penp e = Scurk Meppex + Enellenpni)s k € Qun 13)

where § _ is the conversion rate from heat to electric power of CHP
units.

In the carbon trading scheme, the CO, emission quotas of coal-fired
units, gas-fired units and EHs are allocated as in (14)-(16) [13].

lg,?z = Xecoz P,i€ Qcy 14
Qx> =x 9P, j € Qg (15)
Q2 = xE% Peripic + 2452 Sorkgr i k € Qen (16)

where )(CCOZ and %2 are the CO, emission quotas of unit electric power
and unit heat, respectively.

3.1.2. NOx emission

The operation status of the SCR facility is related to the power
outputs of both coal-fired units and gas-fired units, and the SCR will
have to be shut down if the power output of a deployed unit is lower
than a certain threshold. Additionally, when the power output of a
combined cycle gas turbine (CCGT) is less than a critical value, the lean
premixed combustion mode of the CCGT will be switched to the dif-
fusive combustion mode to maintain the combustion stability, which
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can significantly increase the NOx emission. Therefore, after deploying
the LNB and the SCR, the NOx emissions from coal-fired units and gas-
fired units (referring to CCGT units) can be described as different seg-
mental functions (17), (18) [5], respectively.

0N KiNOx 5iNoX (cx,-NOX P2+
NOx =
8N (@O P? + BN B + yN9), Pimin < B < AN Pimax

NO. NO. NO.
ﬁi *B+ Y; x)) /1;' XPi,max <SB< Pi,max .
, 1

€ Qcu a7)

where ", BN, and yN°x are the NOx emission coefficients of the
coal-fired unit i; §N°% and xN°* are the NOx emission reduction coef-
ficients of the coal-fired unit i equipped with the LNB and the SCR,
respectively; ANCx is the threshold coefficient to distinguish the op-
eration status of the SCR in the coal-fired unit i. If the power output P, is
larger than AN°*P, ..., the SCR will be started up; otherwise, the SCR
will be shut down.

NOX 5NOX (/"L OXP) S.NOXP nax

NOx sNO. NO. NO.
Kj X‘Sj * (IuDJ' xPj), Aj XPj,max <
<

NO; NO.
5j X (/'{DJ xPj)’ Pj,min < Pj

sijax
b

QJNOX = < § jmax,] € Qgu

2% Py a

(18)

where p"O* and NO" are the NOx emission coefficients of the gas-fired
unit i in the lean premlxed combustion mode and diffusive combustion
mode, respectively; 5}\]0" and KJNOX are the NOx emission reduction
coefficients for the gas-fired unit i equipped with the LNB and the SCR,
respectively; /IJNOX is the threshold coefficient to distinguish the opera-
tion status of the SCR in the gas-fired unit j, and its value is nearly 0.5;
¢Ox is the combustion mode switching coefficient of gas-fired unit j,
and its value is often chosen between 0.65 and 0.7.

For the EH, Eq. (18) is also suitable for the CHP unit, and the NOx
emission of the gas furnace is considered proportionally to its heat

supply.

Q% = z (Q(I:\llgp’fk + Mé‘é’;? ScrkNgr, ) kK € Qen
keQrH (19)

where Qg}%{ « is the NOx emission from the CHP unit in EH k by

replacing P; in (18) by Perps uGF ¥ is the NOx emission coefficient of
the gas furnace in EH k.

3.2. Objective function

The objective function of proposed EED model is to minimize the
total cost of the IRES (20), which is the sum of operation cost F,. and
emission cost F.

minF = F,. + F (20)

The operation cost (21) includes the fuel cost of coal-fired units,
production cost of gas wells, and operation cost of EHs. The fuel con-
sumption of the coal-fired unit is determined by its heat rate curve (22),
while the operation cost of the EH (23) is composed of the P2G facility
cost, heat storage cost, and gas storage cost.

Ee= 2 | 2 AG@I+ 3 aQu+ ) Cu

teQr | ieQcu weQGW keQrH (21)
G(P) = a;P{ + biP, + ¢; (22)
Cit = PpigSeickt + PrsiSisie + Posk SCS ke (23)

The emission cost (24) includes the carbon trading cost and NOx
emission penalty cost. The carbon trading cost is proportional to the
carbon trading price and the difference between CO, emission and CO,
emission quota. The NOx emission penalty cost is calculated by the
emission amount and emission penalty price.
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,(t)z) + pNOx Q%%

c = [pCOZ (QCOZ - QC
IEEQJT ‘ : (24)

where the CO, emission Q[ %2, CO, emission quota QR[ , and NOx
emission Q)% at time t can be expressed as

coz _ Z Ql([302+ Z Q](l:oz_'_ Z Qcoz

ieQcu JjEQGU keQEH (25)
Cco CO. CO: CO.
Qr;? = z Qri® + Z Qrj” + z Qrit
ieQcu JjE€QgU keQEn (26)
NO; NO; NO NO;
QT = Z Qp ¥+ z Q][ Y+ z Qu
ieQcu Jj€Qgu keQgn (27)

3.3. Constraints

In addition to the constraints (1)-(19), other constraints for the EED
model of the IRES are given as follows.

3.3.1. Power system constraints

For the power transmission network, since the line resistance is
much less than the line reactance, the DC power flow is usually adopted
to focus on the real power. At each bus, the net nodal power injection,
i.e., the difference between the power supply and the load demand, is
equal to the sum of real power flow of transmission lines connected to
this bus.

2 AP+ D, AP+
i€eQcu JEQGU

Z ApPLy, b € Qp
leQTL (28)

Z Abw wt

wEQWF

Z Apic B gy — ELy

keQrH

The power outputs of coal-fired units and gas-fired units are limited
by their minimum loads, maximum capacities, and ramp rates, re-
spectively.

Pi,mingpitgpimax ieQ
RD; < By — By < RUY v (29)
{ ijmsp'lspjmax ,]EQGU
RD; < Py — Py S RUj (30)

Assuming that the wind power can be accurately forecasted, then
the power outputs of wind farms should be less than their forecasting
values.

0< By <PL,we Qu (€20)]

The real power flow in each transmission line is calculated by the
line impedance and the difference of bus voltage angles.

PLy = (6n — O)/x, 1 € QrL (32)

The real power flow in each transmission line and the voltage angle
at each bus cannot exceed their lower and upper bounds. Meanwhile, a
reference bus should be given to calculate the voltage angles of other
buses.

I,max>» le QTL

PLjmin < PL;; < PL
91, max> be QB

< <
Opmin < Oy <

(33)

3.3.2. Natural gas system constraints

The natural gas system is composed of gas wells, pipelines, com-
pressors, and consumers. This paper assumes that the gas flow char-
acteristics will not change at each dispatch period, and the natural gas
system constraints are considered under the steady-state mathematical
model. Similarly to the nodal power balance, the total gas flow injection
at each node should be equal to the total gas flow withdrawn, which
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can be described as

Z anth_ Z anth_

WEQGW JEQGU

z Banpts ne QN
PEQGP (34)

D BuPyk — GLy

keQgH

where the gas consumption of a gas-fired unit can be calculated by its
heat rate curve and higher heating value (HHV).

Qi = G(Py)/HHV, j € Qgy (35)

The natural gas from gas suppliers are mainly transported to con-
sumers through pipelines. According to whether the compressors are
deployed or not, the natural gas pipelines are classified as passive pi-
pelines (without compressors) and active pipelines (with compressors).
For a passive pipeline, the relationship between the gas flow and node
pressures is widely described by the Weymouth Eq. (36), in which the
gas flow is transported from the high pressure node to the low pressure
node (37).

Qpt = sgn(Pry1s, Pryo)Cypo/ 1Py — Proy |, p € Qpp (36)

+1, Pry1 2 Pryyy,
Sgn(Prpl,ta Prpz,t) = {_

1, Prpl,, < Prpz,t (37)
Since the pressure loss will be caused by the pipeline resistance
during the gas flow transmission process, the compressors are deployed
at active pipelines to maintain the desired pressure levels of the natural
gas system. For an active pipeline, the pressure relationship between
the incoming node and the outcoming node can be expressed as [35]

O, mmPrclt PrpZt Uc,maxPrcl,t’ ¢ € Qcom (38)

Additionally, the gas well outputs and the nodal pressures should be
limited by their lower and upper bounds.

Qw,mm A th Qw max> @ € QGW (39)

Prn,mm <X Prm Prn max> 1 (S QN (40)

3.3.3. EH constraints

Since EHs are the electricity load and gas load of the regional energy
supply systems, the input electricity and input gas of each EH should be
nonnegative (41) and (42).

R >0 41
B > 0 42)

According to the relationship of input port variables and state
variables, the transmission limits of transformers and gas pipelines can
be described as (43) and (44).

< Stk € B (43)

0 < Sekt € Bk + Seec ke Mpig x — Penp kminfenp g — QGF.k,min 44

For the energy conversion elements, the input energy limits of heat
pump and gas furnaces are determined by their capacities (45) and
(46), and the input powers of P2G facilities are related to the electro-
lysis technologies (47). For example, the minimal partial load should be
at least 20% of rated capacity for the alkaline water electrolysis tech-
nology, and it can be as low as 5% of rated capacity for the proton
exchange membrane electrolysis technology [36]. Additionally, the
electric power output limits and the ramp constraints of CHP units are
expressed as (48) and (49), respectively.

PHP,k,mm S SHP kt X PHP k,max (45)

QGFk,min € Scrkt € QGF,k,max (46)

IptG ke PriG k,min S SptGkt S IptG, ke PpiG, k,max 47)
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Penp k,min < Scup kifcpper S PeHP k,max (48)

- SCHP,k,[—l)UCHp,e'k < RUCHP,k
<

(Scrp ke
(Scrp k-1 — Scup.kt)Mcpp.ex S RDcnpk (49)

Compared to the electric energy, the heat and gas can be easily
stored in large quantities through existing technologies. The heat sto-
rage facility constraints and gas storage facility constraints both include
the storage capacity limits, injection and withdrawal rate limits, and
operation status limits, which are similarly shown in (50) and (51),
respectively.

out

— sou
ESHS,kt = HS kt/an,k

in in
ESus k-1 + Shs uMs e —
ESHS,k,mm I ESHS kt X ESHS k,max

in in
IHS kt QHS k,min < SHS kt < IHS,k[ QHS,k,max

Ou[ out out
I35 QB8 min < S8Ske < 18w QS ik max

Out Out
Licar (SHS,MHS,;( — Stsit/ Mg ) =0

i t
Iifs e + Ifsie < 1 (50)
ESask = ESas -1 + S jallos x — S8/ sk
ESGs k,min < ESgs ke < ESGs k,max

<
in in in

I8 Q6 kmin < S8 < 188 ke Qb ke max

out out out out

S kt QGS k,min < SGS,kl < IGS kt QGS k,max

in out oul —
ZteQT (SGS,ktnGs'k - SGS kt GS k) 0

I g + I8 < 1 (51)

For the IDR in the EH, to guide the energy consumption of con-
sumers, the prices of different energy resources can be specified in an
acceptable range (52). Meanwhile, according to the price changes of
different energy resources, only some consumers will actively change
their energy consumption patterns (53). Additionally, to maintain the
customers’ comfort and also for the simplicity of calculation, the total
energy consumption for each type of energy resource is assumed to be
the same as its original energy consumption pattern (54).

oM < oy < B, d € Qp (52)
QLM < Lo < /LM, d € Qg (53)
Y La= Y L' de s

teQr teQr (54)

where ¢alz and ¢;' are the acceptable price adjustment coefficients of load
demand d; qo; and ¢, are the IDR participation coefficients of load de-
mand d.

3.4. Linearization of equations

The proposed environmental economic dispatch model is a non-
convex mixed-integer nonlinear programming (MINLP), and it is often
difficult to solve directly. Therefore, nonlinear Egs. (17), (18), (22) and
(36) are linearized by piecewise linearization methods [37,38], and
then the presented model is converted into a mixed-integer linear
programming (MILP), which can be solved by fast and high efficient
optimization tools, such as CPLEX and Gurobi. The corresponding de-
scription is presented in Appendix A.

4. Case study

An integrated 6-bus power system and 6-node natural gas system, an
integrated IEEE 39-bus power system and 20-node Belgian natural gas
system, and an integrated IEEE 118-bus power system and 40-node
natural gas system are adopted to illustrate the effectiveness of the
proposed model. The presented model is coded in MATLAB aided by
YALMIP with CPLEX 12.6, and all case studies are implemented on a PC
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EL1

GL2

Fig. 3. 6-bus power system and 6-node natural gas system.

with Inter (R) Core (TM) i7-6700 CPU (3.4 GHz) and 8 GB RAM.

4.1. 6-bus power system and 6-node natural gas system

The 6-bus power system and 6-node natural gas system are shown in
Fig. 3. The 6-bus power system consists of one coal-fired unit G1, one
gas-fired unit G2, one wind farm, and three electricity loads EL1-EL3.
The 6-node natural gas system includes two gas wells GW1-GW2, one
compressor, five pipelines, and two gas loads GL1-GL2. Two EHs with
the same structure as in Fig. 2 are depicted as EH1 and EH2. Parameters
of generators, gas wells, EHs, transmission lines, and pipelines are re-
ferred to [24,25]. In the two EHs, the elasticities of electricity load and
gas load are obtained from [39]. The acceptable price adjustment
coefficients are set as ¢>d' = 0.8 and ¢;' = 1.2, and the IDR participation
coefficients are set as qo; = 0.8 and ¢ = 1.2. G1, G2 and CHP units in the
two EHs are equipped with both LNB and SCR, and the corresponding
parameters can be found in [5]. Parameters of carbon trading are the
same as in [13]. The load profiles of each EH are depicted in Fig. 4 with
maximum electricity load 184.32 MW, maximum gas load 2260.01 kcf,

I.lp

—&— Electricity load —#— Gas load —#&— Heat load

e I o
“ % o —_
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Fig. 4. Load profiles of each EH.
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and maximum heat load 1035.81 MBtu. In addition to the two EHs, the
forecasted values of electricity load, gas load and wind power are
shown in Fig. 5 with peak values of 307.2MW, 6780kcf, and
185.33 MW, respectively.

The following seven cases are considered.

Case 0: Economic dispatch of IRES without EHs.

Case 1: Economic dispatch of IRES.

Case 2: EED of IRES considering the emission cost of NOx and CO».
Case 3: Case 1 considering the EDR in EHs.

Case 4: Case 1 considering the GDR in EHs.

Case 5: Case 1 considering the IDR in EHs.

Case 6: Case 2 considering the IDR in EHs.

4.1.1. Results and analysis of the seven cases

The main contribution of this manuscript is to study the impacts of
the carbon trading scheme, air pollution control technologies, and IDR
program on the operation characteristics of the presented IRES. Thus,
Case 1 performs the base case to validate the effectiveness of the pre-
sented model. Compared with previously published papers
[10,11,16,19,20], the main difference in Case 1 is that EHs are in-
troduced to represent the connections between the regional transmis-
sion networks and the loads. To prove the merits of the applied ap-
proach, a similar case in [10] is considered as Case 0 through removing
the two EHs from the IRES in Case 1, and the heat loads in original EHs
are replaced by equivalent gas loads. The analysis and the corre-
sponding results are given as follows.

In Case 0, the wind power, coal-fired unit G1, and gas well GW1
have the priority to be selected to supply electricity load and gas load,
due to their cheaper operation cost, while the gas-fired unit G2 and gas
well GW2 are mainly used to supply the remaining electricity load and
gas load. After introducing the EHs in Case 1, the CHP units with higher
efficiency are utilized to generate the electricity and heat. Meanwhile,
the heat pumps, gas furnaces, heat storage facilities, and gas storage
facilities are also cooperated to minimize the operation cost of IRES.
Though an operation cost of $5435.2 is spent by the EHs, the total
operation cost in Case 1 can save $19488.06 compared with that in
Case 0. Additionally, the comparison results for the power output of
gas-fired unit G2 and gas production of gas well GW2 in Cases 0-1 are
shown in Fig. 6. The energy supplies from the gas-fired unit G2 and gas
well GW2 are dramatically decreased most of the time. This also de-
monstrates that the operational characteristics of the presented IRES in
Case 1 has been improved considerably.

Considering the presented IRES, the cost results of Cases 1-6 are
shown in Table 1. In Case 1, the generation cost of gas-fired unit G2 is
larger than coal-fired unit G1, and the power outputs of CHP units are
limited by both electricity load demand and heat load demand.
Therefore, in addition to the wind farm, electricity load demand is
mainly supplied by the coal-fired unit G1. Both the operation cost and
emission cost are considered in Case 2, and thus a compromise between
them should be achieved. However, the emission cost $17284.49 is very
small compared with the operation cost $598324.64 in Case 2, which
causes only a slight increase of the operation cost compared with Case
1. Moreover, the load profiles of electricity load and gas load are op-
timized by the EDR in Case 3 and the GDR in Case 4, and thus more
operation costs can be saved than that in Case 1. In Cases 5-6, the
corresponding operation and emission costs are lower than those in
Cases 1-4 due to the application of the IDR.

To analyze the influence of different DR programs (i.e., EDR, GDR,
and IDR) on EHs, the electricity load profiles and gas load profiles of
EHs are shown in Figs. 7 and 8, respectively. The comparison for peak
values and valley values of electricity load and gas load in Case 1 and
Cases 3-5 is presented in Table 2. Compared with Case 1, both elec-
tricity load profiles and gas load profile are optimized with smaller
peak-valley differences in Case 3. However, the peak values of gas load
in Cases 4-5 are slightly higher than that in Case 1. To explain it in
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more details, the comparison results of operation costs in Case 1 and
Cases 3-5 are presented in Table 3.

As shown in Table 3, to meet the larger variations of electricity load
and gas load in Case 1, more heat energy is injected into and also
withdrawn from the heat storage facilities, which results in larger heat
storage cost than those in Cases 3-5. In addition, Fig. 4 depicts the gas
load and heat load that will reach their peak values alternatively in
hours 20-24. During these time periods, the gas load in EH1 cannot be
completely satisfied in Case 1, due to the natural gas pipeline conges-
tion between node 1 and node 2. To meet the gas load demand, the P2G
facility in EH1 has to be started to synthesize natural gas, and thus extra
electricity will be consumed. In Case 3, the EDR program can improve
the electricity load profile, and the CHP units with higher efficiency will
be utilized to meet more electricity load demand and heat load demand.
Therefore, the operation costs of coal-fired units, gas wells, and heat
storage facilities are less than those in Case 1. However, since the
natural gas demand in hours 20-24 is still high, partial gas load in EH1
should be supplied by the PtG facility in EH1 to compromise the natural
gas pipeline congestion. After implementing the GDR program in Cases
4-5, the gas load of EH2 will be increased in hours 20-24, which can
avoid the pipeline congestion by improving the nodal pressures of the
natural gas system. Especially in Case 5, both the electricity load profile
and gas load profile are improved under the IDR program, the operation
costs of coal-fired units, heat storage facilities, and gas storage facilities
are reduced considerably. However, with more gas consumption for the
CHP units, the production cost of gas wells in Case 5 is slightly higher
than that in Case 1, and Cases 3-4.

To further analyze the emission cost, the gas emission results of NOx
and CO, are also calculated in Case 1, and the corresponding results of
Case 1 and Case 6 are presented in Tables 4 and 5. In Case 1, the main
role of the gas-fired unit G2 is to supply the electricity load peak, while
the power output of gas-fired unit G2 always equals the lower limit
value in Case 6, due to the optimized load profiles by implementing the
IDR. Additionally, to reduce the emissions of NOx and CO, in Case 6,
the power output of coal-fired unit G1 will be curtailed 280.1 MWh, and
two gas furnaces (GF1 and GF2) will reduce the heat supply
994.93 MBtu. Instead, more electricity load demand and heat load de-
mand will be supplied by CHP units with higher efficiency. Therefore,
the NOx emission is reduced by 68.32 kg compared with Case 1, and the
differences between the CO, emission and CO, emission quota is re-
duced to 946.63 tons from 1084.43 tons in Case 1.

4.1.2. Sensitivity analysis
The operation status of the EED of IRES is sensitive to the electricity
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Fig. 5. Forecasted values of electricity load, gas load, and wind power.
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Fig. 6. Comparisons of power outputs of G2 and gas production of GW2 in Cases 0-1.

Table 1 2300

Cost results of Cases 1-6.

2200

Total cost ($)

Operation cost ($)

Emission cost ($)

Case 1
Case 2
Case 3
Case 4
Case 5
Case 6

598,228.59
615,609.13
593,509.67
589,152.14
587,784.40
603,170.68

598,228.59
598,324.64
593,509.67
589,152.14
587,784.40
587,936.87

0
17,284.49
0
0
0
15,233.81
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Fig. 7. Electricity load profiles of EHs in Case 1, Case 3, and Case 5.

price, gas price, wind power penetration, NOx emission penalty price
and carbon trading price. To discuss these influencing factors in the
proposed model, Case 6 is set as the base scenario 1, and its parameters
el L, pNOx, and pC02 are set as the reference values. In this paper,
eleven scenarios for each influencing factor are considered, and the
related parameters in each scenario can be calculated by the scenario

number and the reference values in the base scenario 1.

(1) Electricity price scenarios: ¢;N’e =1-01Xx(SN—-1) and
1 —
¢SN,e + ¢;N,e =2
(2) Gas price scenarios: ¢51N,g =1-01X(SN—-1) and

1 —
¢SN,g + ¢.S“1N,g =2.
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Fig. 8. Gas load profiles of EHs in Case 1, Case 4, and Case 5.

Table 2

Peak values and valley values of electricity load and gas load in Case 1 and
Cases 3-5.

Peak values

Valley values

Electricity load Gas load Electricity load Gas load (kef)
(MW) (kef) (MW)
Case 1 184.32 2260.01 111.41 1560
Case 3 179.71 2260.01 113.69 1560
Case 4 184.32 2280.57 111.41 1706.34
Case 5 181.62 2275.26 120.44 1699.35
Table 3
Comparison for operation costs in Case 1 and Cases 3-5.
Coal-fired unit Gas well cost P2G cost ($) HS cost ($) GS cost ($)
cost ($) €]
Case1 117,286.91 475,506.49 3006.41 728.11 1700.67
Case 3 114,397.73 475,356.47 1435.27 619.54 1700.67
Case 4 112,226.38 475,274.35 0 463.91 1187.50
Case 5 110,426.62 475,996.97 0 410.81 950
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Table 4
Total power outputs of generators, CHPs and GFs in Case 1 and Case 6.
G1 (MWh) G2 (MWh) CHP1 (MWh) CHP2 (MWh) GF1 (MBtu) GF2 (MBtu)
Case 1 4004.9 1019.01 2757.95 2177.39 494.43 500.5
Case 6 3724.8 960.32 3086.37 2186.84 203.57 338.21
Table 5 of carbon trading price, the power outputs of coal-fired units will be

Gas emission results in Case 1 and Case 6.

NOx emission (kg) CO, emission (ton) CO, emission quota (ton)

Case 1  710.84 8367.51 7283.08
Case 6  642.52 8177.84 7231.21
3) Wind power penetration scenarios: PSfN’wt =
[140.1x (SN —1)]PL,.
(©)] NOx emission penalty price scenarios:
pon* = [1 + (SN — 1)]pNOx,

(5) Carbon trading price scenarios: pSCA?Z =[1 + (SN — 1)]p%%2.where
SN is the scenario number of each influencing factor, and it is equal to
an integer ranging from 1 to 11; (-)sy is the parameter value under the
scenario SN. The total costs of the IRES under different scenarios are
shown in Fig. 9.

With the increase of electricity price, gas price and wind power
penetration, the total cost of the IRES will decrease monotonously.
Similarly, along with the increase of NOx emission penalty price and
carbon trading price, the total cost of IRES will increase monotonously.
More detailed results of operation costs and environment costs are
shown in Figs. 10-14.

As shown in Figs. 10 and 11, both the operation cost and emission
cost become higher with the increase of electricity price and gas price.
However, if the gas price is equal to zero, the natural gas pipelines will
still be congested with the increase of electricity price. To meet the gas
load demand in these scenarios, energy storage facilities are used more
frequently, and the P2G facility in EH1 has to covert electricity into
synthetic natural gas. Conversely, if the gas price is larger than zero,
enough natural gas can be supplied smoothly to meet all gas load de-
mand. With the increase of gas price, more electricity and heat will be
provided by CHP units, which will result in more NOx emissions in
these scenarios.

In Fig. 12, since the operational cost of wind power is very low and
considered zero here, wind power should be utilized as much as pos-
sible. With the increase of wind power penetration, the power outputs
of generators G1-G2 and CHP units will be reduced, while the heat
pumps, gas furnaces and heat storage facilities will be used more fre-
quently to meet the heat load demand. The emissions of NOx and CO,
will drastically decrease, since the emissions from gas furnaces are less
than those from generators and CHP units. However, NOx emission is
related to the threshold value of SCR device and the combustion mode
of CCGT. When the wind power penetration is larger than 1.7 times of
reference value, the lower power outputs of coal-fired units, gas-fired
units and CHP units cause more SCR devices being stopped. Meanwhile,
the gas-fired units and CHP units will switch to higher diffusive com-
bustion mode. Therefore, the emission cost will increase due to the
higher NOx emission.

As shown in Fig. 13, when the NOx emission penalty price is less
than 5 times of the reference value or more than 8 times of the reference
value, the NOx emission penalty cost has almost no effect on the op-
eration cost, and the emission costs will increase in proportion to the
NOx emission penalty price. However, when the NOx emission penalty
price is equal to 6 or 7 times of the reference value, the power outputs
of coal-fired units and CHP units will increase at certain time to reduce
the NOx emission by starting the SCR devices. Thus, the operation cost
has a significant increase in these scenarios. In Fig. 14, with the increase

10

reduced due to their higher CO, emission intensity, and the high effi-
cient CHP units will provide more electricity energy and heat energy.
Since the natural gas is more expensive than coal, the operation cost is
slowly increasing. When the carbon trading price is more than 9 times
of the reference value, the P2G facilities are started to capture CO, from
the CHP units, which will result in a sudden increase of the operation
cost.

4.2. IEEE 39-bus power system and Belgium 20-node natural gas system

The modified IEEE 39-bus power system includes seven coal-fired
units, two wind farms, forty-six branches, and twenty-one electricity
loads, and the original three gas-fired units of power system are re-
placed by three EHs. The Belgium 20-node natural gas system is com-
posed of two gas wells, three active pipelines equipped with com-
pressors, twenty-one passive pipelines, and nine gas loads. Three EHs
are connected to the buses 30, 36, 37 of power system, and nodes 5, 8,
14 of natural gas system, respectively. The structures of the three EHs
are the same as Fig. 2. The profiles of forecasted electricity load, gas
load and wind power are the same as Fig. 5, and the corresponding peak
values of forecasted electricity load, gas load and wind power are
4718.08 MW, 132761.2 kef, and 1530.81 MW, respectively. Case 1 and
Case 6 in Section 4.1 are considered in this test system.

Case 1: Similar to Fig. 5, hours 1-7 are the valley period of elec-
tricity load, and the heat loads are close to their peak values. Except for
wind power, the power outputs of coal-fired units and gas-fired units
are near to their minimum outputs, and the remaining electricity load
are provided by CHP units due to their high efficiency. However, lim-
ited by the fixed electrothermal ratio of CHP units, part of the heat load
needs to be supplied by heat pumps and gas furnaces. In the daytime,
the electricity load is larger than its valley period, and the heat load is
less than their peak values. Thus heat pumps and gas furnaces will be
shut down, and the heat loads are supplied by CHP units. To meet the
peak period of heat load, surplus heat energy from CHP units is injected
into the heat storage facilities. Additionally, the wind power is much
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Fig. 9. Total costs under different scenarios.
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Fig. 12. Operation costs and emission costs under different wind power pene-
tration scenarios.

lower than its peak value, and thus the electricity load is mainly sup-
plied by coal-fired units. At night, the wind power, gas load and heat
load are close to their peak values. To meet the gas load demand, the

11
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Fig. 14. Operation costs and emission costs under different carbon trading price
scenarios.

gas consumption of CHP units will be reduced, and the heat load is
mainly supplied by the heat storage facilities, heat pumps and gas
furnaces. Meanwhile, the power outputs of coal-fired units will be re-
duced to utilize the wind power. However, the electricity load decreases
rapidly from hour 22 to hour 23, which results in the wind power
curtailment 385.05 MWh due to the ramp down limits of coal-fired
units.

Case 6: In this case, the load peak-valley differences of electricity
load and gas load are reduced by the IDR, and the wind power can be
utilized completely. Compared with coal-fired units and gas-fired units,
CHP units can reduce the operation cost and CO, emission simulta-
neously, and thus more electricity energy and heat energy are produced
by CHP units. Since the heat load demand is the same as Case 1, the
amount of energy converted by heat pumps and gas furnaces is reduced,
and the heat storage facilities are mainly used to coordinate with the
CHP units. To maintain the gas supply of CHP units and other gas load,
more natural gas is injected into, and also withdrawn from, the gas
storage facilities. In addition, the emission cost is considered in Case 6,
and thus both the NOx emission and carbon trading costs are less than
those in Case 1. The comparison results of the two cases are shown in
Table 6. Compared with Case 1, the operation cost can reduce nearly
16.99% in Case 6. Meanwhile, the NOx emission can reduce 27.14%,
and 2382.89 ton CO, can be avoided to be purchased from the carbon



L. He, et al.

Table 6
Comparison results of two cases.

Operation cost ($) NOx emission CO, emission CO,, emission

(kg) (ton) quota (ton)
Case 1 40,285,404.28 44,261.07 157,209.80 125,218.43
Case 6  33,442,112.73 32,250.15 156,412.72 126,803.84

trading market in Case 6.

4.3. IEEE 118-bus power system and 40-node natural gas system

A large-scale test IRES, i.e., the modified IEEE 118-bus power
system and a 40-node natural gas system, is used to further validate the
effectiveness of the proposed model. The modified IEEE 118-bus power
system has 32 coal-fired units (7766.2 MW), 6 gas-fired units
(600 MW), 6 CHP units (1800 MW), 10 wind farms (3000 MW), and 186
transmission lines. The 40-node natural gas system is composed of two
Belgium 20-node natural gas systems as described in Section 4.2, which
are connected by the node 4 and node 40. Two network topologies can
be found in [40]. The 6 CHP units are extended to 6 EHs as in Fig. 2,
and their detailed locations are the buses 40, 42, 56, 91, 92, 113 and the
nodes 16, 20, 25, 36, 40, 5. Parameters of other internal elements in the
6 EHs are multiplied by different factors to match the installed CHP
units. Similarly, Case 1 and Case 6 in Section 4.1 are considered in this
large test system.

Since the emission cost and the IDR are both integrated in Case 6,
$38649.91 additional operation cost savings and 34090.51 kg NOx
additional emission reduction can be achieved compared with Case 1.
However, limited by the operation characteristics of the SCR and the
combustion modes of gas-fired units, coal-fired units and gas-fired units
will have to increase their power outputs to reduce the NOx emission in
Case 6, which results in extra 87.60 ton CO, emission than that in Case
1. Fortunately, the load profiles of 6 EHs are improved by the IDR in
Case 6, and more loads are supplied by the CHP units with higher ef-
ficiency. Therefore, 147.13 ton CO, emission quota is saved in Case 6
compared with Case 1.

To further validate the feasibility of the presented solution method
for a large system, the stochastic optimization method in [28] is
adopted to consider the impact of wind power uncertainty to the in-
tegrated IEEE 118-bus power system and 40-node natural gas system.
Firstly, we assume that the hourly wind power forecast error follows a
normal distribution function with zero mean and 15% standard de-
viation. Then 2000 initial scenarios of wind power are generated
through the Monte Carlo (MC) simulation. Since the computation time
of the presented model will increase with the numbers of scenarios, the
2000 initial scenarios are reduced to 5 by the SCENRED tool in the
General Algebraic Modeling System (GAMS) to find a tradeoff between
the accuracy and the computation burden. After that, the stochastic
optimization model is calculated by combining the five wind power
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scenarios and the corresponding probabilities.

The expected total cost of the stochastic optimization model is
$19544650.81, which is $149676.89 less than the deterministic opti-
mization model. Meanwhile, compared with the computational time of
325.70 s for the deterministic optimization in Case 6, the computational
time of the stochastic optimization model will increase to 1702.63s.
These results demonstrate that the presented solution method is ac-
ceptable for the day-ahead emission economic dispatch of a large size
IRES.

5. Conclusion

This paper proposes an environmental economic dispatch model for
the coordinated operation of integrated regional energy system, which
is composed of the electricity and natural gas supplying networks and
energy hubs. To reduce the greenhouse gas CO; and air pollutant NOx,
the carbon trading scheme and air pollutant control technologies are
introduced, and the corresponding carbon trading cost and NOx emis-
sion penalty cost are added as the emission cost of the integrated re-
gional energy system. Furthermore, a price-based integrated demand
response is embedded into the energy hub for further analyzing its
impact on the environmental economic dispatch of the integrated en-
ergy system. Simulation results show that the integrated demand re-
sponse program can optimize the electricity and gas load profiles with
smaller variations, which contributes to the increased wind power
utilization and reduced economic operational cost of the integrated
regional energy system. The proposed environmental economic dis-
patch model can reduce the NOx emission and avoid purchasing part
CO,, emission quota. Furthermore, according to the sensitivity analysis
of different scenarios, the total cost of the presented model changes
monotonously against five influence factors. However, the changes of
operation cost and emission cost are more complex due to various
reasons, such as shutting down of selective catalytic reduction devices
or starting up of power to gas facilities. Since this paper focuses on the
deterministic model of integrated regional energy system with steady-
state constraints, as an immediate future task, dynamic gas flow model
and district heating network constraints will be investigated along with
various uncertainties. Meanwhile, preserving privacy among different
energy sectors (gas, electricity, etc.) will be further studied by con-
sidering limited information exchanges.
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Fig. 15. Piecewise linearization of quadratic equations.
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Fig. 16. Piecewise linearization of segmental equations.

Appendix A
A.1. Linearization method 1

To convert the proposed MINLP model into a MILP model, the nonlinear gas flow Eq. (36) is rewritten as (55) by replacing the Prﬁly . and Prﬁzvt by
Prsy1; and Prsp, ;. After that, only the nonlinear term Qp, |Q,/ should be linearized by considering its functional form y = x |xl. Meanwhile, the NOx
emission in Eq. (17) and the heat rate curves in Eq. (22) can be described by a quadratic function y = gx? + &x + &.

th |th| = Cg(Prspl,t - Prspz,[)a p € Qpp (55)

To linearize these univariate quadratic functions (17), (22), and (55), the incremental piecewise linearization method [37] is adopted due to its
advantages in terms of computational speed. As shown in Fig. 15, the quadratic function curve is approximated by K straight lines. With the
coordinate values at both ends of K straight lines, the values of linearized function y and variable x are calculated by (56) and (57), respectively. In
(58) and (59), $ is a continuous variable for the portion of straight line k, and ¢, is a binary variable to force the so-called filling conditions, i.e., if
the variable x is located at straight line k + 1, then 4 =1, 9, = 1(1 < h < k), and 0 < 94 < 1.

y=Ent Y O — %)%

keQk (56)
x=x+ Z (1 — X))

keQk (57)
0<% <L ke (58)
Y1 S A <8, 1<k<KK (59)

A.2. Linearization method 2

After the linearization of NOx emission in Eq. (17), the emission characteristics of Egs. (17) and (18) can depicted as in Fig. 16. With the
coordinate values at both ends of each segment, (60)-(63) can further convert these segmental equations into the corresponding linear formulations
[38]. The values of linearized function y and variable X are calculated by (60), (61), respectively. In (62), (63), ok and o, are the continuous
variables to determine the location of segment k, and v, is a binary variable to limit the variable and function locating at a single segment.

y= Z (01Yr + 0k2Yi)

keQx (60)
X= ) (0aXe + OxaXis1)

keQx (61)
00a<1,0<02<1, ke Qx (62)

01 + Op2 = Vg, Z V=1
keQx (63)
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