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Abstract: This paper proposes a multi-objective optimal energy management framework for the
integrated electrical and natural gas network (IEGN) with combined cooling, heat, and power
(CCHP) plants. Various energy conversion devices that are installed in the CCHP plant provide
redundant generation options and energy pathways, which could be optimally chosen and shifted
with given objectives, while meeting the multi-energy (ME) demands. However, this flexible energy
dispatch manners may frequently change the energy distribution in the IEGN and challenge their
mutual accommodation. In particular, the linepack reserve in the natural gas network, which
supports the ramping capabilities of both the gas turbines and the flexible energy dispatch of the
gas-dependent ME devices, is highly influenced. Without enough linepack reserve, not only will
the flexible operation of the CCHP plants be hindered, but also the gas turbines will be prevented
from balancing the supply and the demand in the electrical network, thus threatens the safety of the
IEGN. Owing to this, the linepack reserve is modelled and jointly considered in the proposed energy
management framework. The multi-objective optimization model that is proposed in this paper
could simultaneously promote the economic benefits, safety, and efficiency of the IEGN, and Elitist
Non-dominated Sorting Genetic algorithm II is used to solve it. At last, case studies demonstrate the
effectiveness of the proposed method.

Keywords: energy management; integrated electrical and natural gas network; CCHP; linepack
reserve; optimization

1. Introduction

With the development of the multi-energy system, more and more different energy sectors are
coupled together, such as the integrated electrical network and natural gas network (IEGN). Meanwhile,
the distributed multi-generation solutions, especially the combined cooling, heat, and power (CCHP),
have proliferated. CCHP plants facilitate the interaction between the electricity and gas networks,
and promote the efficiency and environmental friendliness of the IEGN as a whole [1-3]. However,
the increasingly more frequent interactions that are caused by the CCHP plants may challenge the
coordination and mutual accommodation of the IEGN [2,3]. In particular, it greatly influences the
linepack reserve in the natural gas network [4,5], which plays an important role in supporting the gas
turbines to ramp up and down, and to serve the balancing needs in the electrical network, and thus
may harm the safe operation of the IEGN [6-8].

The CCHP plant, whereby various energy conversion devices are installed to supply multi-energy
(ME) demands (electricity, heat, and cooling) from multiple input energy sources (natural gas, electricity,
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and so on), provides redundant energy generation options and energy pathways inside. For example,
heat could be produced with electricity (in electrical heaters), or fuel (in combustion groups); cooling
could be generated from electricity (in electric chillers) or heat (in absorption chillers) [9-11]. Hence,
various generation combinations can be used to supply the ME demands, which will cause different
energy exchanges with the interconnected energy networks. According to the specific generation
combination, the ME demand can be supplied through electricity alone, or through natural gas alone,
or both. The generation combinations can be optimally chosen, and shift with purposes, while meeting
the ME demands [11]. This flexible energy dispatch shift of the CCHP plants provides extra flexibility
to the IEGN and demonstrates the significant potential in optimizing the operation performance of
the IEGN. Traditional energy management studies regarding the CCHP plants only consider limited
types of ME devices in the modelling process, however the flexibility that is brought by the redundant
generation options, especially the internal energy dispatch shift, has been rarely considered in the
energy management of the CCHP plants so far.

Nonetheless, this flexible energy dispatch manners of the CCHP plant will frequently change the
energy distribution both in the electrical network and the natural gas network, which will change the
linepack reserves in the gas network. At the same time, not only the normal gas turbines, the flexible
energy dispatch of many ME devices, such as the combined cycle gas turbine (CCGT), require enough
linepack reserves as well. Therefore, the linepack reserve should be jointly considered in the energy
management of the CCHP plants in order to promote both the efficiency and the safety of the IEGN.
If not, not only the flexible energy dispatch of the CCHP plant may be hindered from realization,
but also the gas turbines may be prevented from balancing the demands in a power system, which may
undermine the operating reserve adequacy and threatens the safety of the IEGN [4,5]. Besides, as the
development of the IEGN, the electrical networks are more and more dependent on the fast-response
flexibility provided by the gas turbines and the linepack reserve. For instance, it is more and more used
by system operators to balance the stochastic renewable energy sources [12]. Many studies regarding
the linepack reserve are mainly about securing the safe operation of the natural gas network, as far as
the authors know, the linepack reserve has not been literally considered in the energy management of
the IEGN with CCHP plants yet, although its impact on the IEGN management is huge. Therefore,
lineack reserve should be an integral part of the energy management of the IEGN.

The modelling analysis of the CCHP plants [9-11], and the IEGN [13-15], has been addressed
in many publications, based on which many energy management methods are proposed [16-18].
Based on the efficiency matrices and energy dispatch factors (EDF), Pierluigi Mancarella [11] discusses
the flexible internal energy dispatch of the CCHP plant and investigates its potential in providing
real time demand response services. Ref. [4,19-22] introduces the linepack reserve in the natural
gas network. Ref. [20,21] define the linepack reserve as a kind of buffer that could be used without
safety problem, and [4,22] highlights its importance as a “balancing tool” in serving the balancing
needs of the IEGN. Ref. [19] evaluates the flexibility of the IEGN by measuring the flexibility that gas
turbines can provide by employing the linepack reserve in the natural gas network. Based on the
steady state models of the electrical network and the natural gas network, and the security constraints
in both of the networks, ref. [16-18,23] present several optimization models for the IEGN energy
management. Ref. [16] studies the combined economic dispatch of the IEGN. The mathematical model
is formulated as an optimization problem where the objective function is to minimize the integrated
gas-electricity system operation cost, and the constraints are the power system and natural gas pipeline
equations and capacities. The evolutionary algorithm is applied to solve the optimization problem.
A multi-objective optimization for the combined gas and electricity network expansion planning was
presented in [23]. The objectives are to minimize both the investment cost and production cost of the
combined system while taking into account the N-1 network security criterion. The constraints of the
optimization model include the operation and security constraints of IEGN and equality constraint that
links the two networks, and the Elitist Non-dominated Sorting Genetic Algorithm II (NSGAII) is used
to solve the optimization problem. Ref. [17] incorporates the energy management of a CCHP plant
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into the combined economic dispatch model of the IEGN with the concept of ‘energy hub’ to minimize
the total generation cost. Besides the constraints of the traditional optimal dispatch optimization
model, the constraints on energy hubs are included, and the numerical methods are used to solve
the optimization problem. Ref. [18] establishes a multi-objective model for a microgrid with CCHP
plant to optimize the daily operation cost, the daily environment cost, and the primary energy rate.
The constraints of energy balances and devices output power are considered, and the particle swarm
optimization algorithm is used to solve the model. Despite the energy management of CCHP plants
are considered in [17,18], only one single CCHP plant and limited types of ME devices are discussed,
which brought concerns: (1) The types of the considered ME devices are too few to model the flexible
and shiftable energy dispatch of the CCHP plants, and to investigate its impact on the linepack reserve
of the IEGN. Besides, the coordination of CCHP plants with different configurations are not considered,
which impacts the operation performance of the IEGN and should be part of the energy management of
the CCHP plants (2) The purposes of prior-at researches on the IEGN energy management are mainly
about economy, rarely having the security of both networks considered. In particular, the linepack
reserve has not been considered in the energy management of the IEGN with CCHP plants.

In light of the above issues, this paper develops an optimal energy management framework for
an IEGN with multiple CCHP plants, which jointly considers the lineapck reserve in the IEGN, aiming
at meeting the ME demands in a most economic, efficient, and secure way. At first, several typical
ME devices are introduced and modelled with the efficiency matrices and EDFs, and based on which,
the energy management of the CCHP plants, including the flexible energy dispatch, is integrated
into the energy management of the entire IEGN. Then, the linepack reserve of the IEGN is modelled,
and considered as an objective in the energy management framework to better secure the safety of the
IEGN. When considering that the proposed optimization model is mathematically a multi-objective,
mixed integer non-linear model, which cannot be easily solved with classical mathematical techniques,
the NSGAII [24] is applied to find reasonable tradeoffs. The main contributions of this paper
are threefold:

1. The energy management of the CCHP plants, including the flexible energy dispatch is modelled,
and its impact on the operation performance of the IEGN, especially the linepack reserve,
is investigated and considered in the proposed energy management framework.

2. For the efficiency and security of the IEGN, linepack reserve in the natural gas network is modeled
and is jointly considered in the energy management framework.

3. A multi-objective optimization model for the energy management of the IEGN is developed to
simultaneously promote the profits, linepack reserve, and efficiency of the IEGN.

The rest of this paper is organized as follows. Section 2 presents the modelling of the CCHP plants,
and the linepack reserve is modelled in Section 3. In Section 4, a multi-objective optimization model
for the energy management of IEGN is proposed and tested on an IEGN case in Section 5. Finally,
this paper is concluded in Section 6.

2. Modelling of the CCHP Plants

2.1. Typical CCHP Device

In order to illustrate the flexibility provided by the CCHP plant, several typical ME devices shown
in Figure 1 are considered in this paper: 1. Combined heat and power (CHP) units. Electrical efficiency
nw and heat efficiency 7 are used to describe the ratio of electric power output W and heat power
output Q to the fuel thermal energy input F, respectively; 2. A CHP unit is typically sided by an
auxiliary combustion heat generator group (CHG). Heat efficiency #; is used to describe the ratio of heat
power output to the fuel thermal energy input; 3. Compression Electric Chiller (CEC). Cooling power R
for air conditioning or industrial purposes is conventionally generated by a CEC, whose compressor is
driven by electricity; 4. Electrical heat pumps (EHP). EHP is an electrically driven bimodal machine that
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can serve both as a heater and a chiller; 5. Absorption chiller (WARG-Water Absorption/Adsorption
Refrigeration Group). Cooling can be provided through a WARG [25] that produces cooling from a
heat supply; 6. There are ME devices with other energy transforming mechanisms, which are less
widespread, such as gas absorption chiller (GAC) and engine driven chiller (EDC), which are powered
by mechanical compressors [25].

Energylnput

. CHP CHG CEC EHP GAC WARG
ME Equipment | ;) || () || (coP) || (coP) || (coP) || (CoP)

EnergyOutput

Figure 1. Energy input and output of typical multi-energy (ME) devices.

2.2. Energy Input and Output Model of CCHP Plants

Figure 2 shows a typical CCHP plant. It receives electricity supply from the Electrical Distribution
System (EDS) and fuel from the Fuel Distribution System (FDS). As drawn in Figure 2, four ME devices
and many energy pathways can be used to supply the ME demands. Electricity can be both bought
from and sold to markets through the EDS. Heat demands can be met by exploiting CHP, CHG, and the
EHP (heating mode). The cooling demand can be met by using the WARG or/and the EHP (cooling
mode). Electricity can be drawn from the EDS and/or produced by the CHP (and can be sold back
as well). In order to illustrate the internal energy dispatch, EDF is introduced [11]. Elements in an
EDF vector are defined as the relative energy dispatch at flow splitting points (bifurcations) in order to
supply a different ME device, whose number is determined by the configuration of the CCHP plant.
In particular, with reference to the notation of Figure 2, the EDF is defined as in (1). In (1), «; is the
relative fuel dispatch of the fuel input between CHP and CHG; a5 is the relative electricity dispatch
of the electricity input between EHP and local consumer; a3 is the relative electricity dispatch of the
electricity that is produced by the CHP between EHP and local consumer; &4 denotes the ratio of heat
produced by CHP that is not deserted; a5 is the relative electricity dispatch of the heat produced by
CHP between WARG and local consumer; and, a¢ is the relative electricity dispatch of the heat that
is produced by CHG between WARG and local consumer. The EHP operation in heating mode or in
cooling mode is not mutually exclusive, and p € [0,1] denotes the proportion of electricity used for the
heat production in all the electricity supply of the EHP

T
o = [ag, ap, a3, a4, a5, d, Y] M)
.E.:]-)-g-: a2Wi -.........E.Q.S. .........
W T T @)W T T T T T ] iy
EHP Pt R
| (1- az) Wy (COP) | »i Qui
Fy| cp |V W | WeLocal
FDS | / ) ) . »i 04, User
| aiFi (7ws19) Qy | asQy| dsa5Qy [ “
| . » WARG J
Ques_ai(1-05)Qy | (COP,,,) 1 R
I
|

| CHG | (1-a6)Qt
| (1- an)Fi Q:  asQr

Figure 2. The diagram of a typical combined cooling, heat, and power (CCHP) plant.

If we use E, = [F,, Wy, Qo, RO]T and E; = [F;, W;,Q;, Ri]T denote the output and input energy
vectors, respectively, the mapping between them can be described with an efficiency matrix H as
in (2). Fo, Wy, Qo, Ro denote the fuel output, electricity output, heat output, and cooling power
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output, respectively; F;, W;, Q;, R; denote the fuel input, electricity input, heat input, and cooling
power input, respectively. Each element in H relates one particular input to a certain output with
relevant performance indicator, as defined in Table 1 [9-11]. #FF, 7rw, 17FQ, FR denotes the ratio of
fuel output and fuel input, electricity input, heat input, and cooling power input, respectively; 7wr,
ww, TwQ, 1wr denotes the ratio of electricity output and fuel input, electricity input, heat input,
and cooling power input, respectively; 17or, 70w, 7100, 1or denotes the ratio of heat output and fuel
input, electricity input, heat input, and cooling power input, respectively; #7rr, 1rRw, 1rQ, //RR denotes
the ratio of cooling power output and fuel input, electricity input, heat input, and cooling power
input. respectively.

E,=H-E
e Nrw  HEQ  MFR
Ho | TWE Tww TwQ  TwR )

or  TTow  7QQ 7QR
IRF - MRW MRQ 7RR

Table 1. ME device and performance indicators.

ME Device Performance Indicator
CHP nw=W/F,n0=0Q/F
CHG e =Q/F
CEC, EHP (cooling mode) COP.=R/W
WARG COP,=R/Q
GAC, EDC COP.=R/F
EHP (heating mode) COP;=Q/W

The energy input and output relation of the CCHP plant in Figure 2 is achieved as (3) and (4). E; is
the local energy demand and E,y is the energy exchange with external energy distribution networks.

0 0 00
H— 0630(1171/\/ [1%)] 00
1QF ‘MCOPt(l - 062) 00 (3)
YRF (1 — V) COPc(l — 0(2) 00
Hor = 0(5(1 — 0(1)171& + Xg017Q + ]/ICOPt(l — Dég)ijwt)q
NRF = COPC(l — Dég)txlﬂw + (1 — }4) COPwarg . [(1 — 065)(1 — Dél)ﬂt + DC4D€117Q]
Eo, =H:-E;=E;+ Eex 4)

With (1) and (2), the internal energy dispatch of the concerned CCHP and its corresponding
energy exchanges with other energy sectors could be represented through a matrix formulism, and the
flexible energy dispatch shift of the CCHP could be modelled with the shift of EDFs. This makes it
easy to integrate the energy management of the CCHP in the optimization model of the entire IEGN.

2.3. Energy Saving Indicator of IEGN

In [10], the energy saving performance of a CCHP plant is evaluated with the trigeneration
primary energy saving (TPES) indicator, as shown in (5). In (5), Fy,; is the thermal energy of the
primary energy input; W,,; is the net electricity output; Qy; is the net heat output; R;,; is the cooling
power output; FS' is the total fuel thermal energy input required for the separate production of the
same energy demand; and, UEP, thP, and COPSY are the separate production reference efficiencies for,
respectively, electricity, heat, and cooling power.

TPES:M:1 Firi

- )
FSP Weri /120 + Quri/1SF + Ryyi /¥ - COPSP
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In this evaluation process, no matter how complex are the energy flows within a CCHP plant,
only the actual input and output matter. If the IEGN is seen as a CCHP plant, Wy, Qy, and Ry,; are
replaced with the total electric, heat, and cooling output of the IEGN, W, Q, and R, and F;,; with the
total primary energy consumption F, the primary energy saving performance (PESP) of the IEGN
could be evaluated with (6).

PESP = Fr—F_ 1-— F (6)
PP W/t /P + R/ySY - COPSP

3. Linepack Reserve of IEGN

In this section, the linepack reserve of the natural gas network is modelled at first. Then, the roles
it plays in providing balancing services to the IEGN, and securing the safe interaction between the
electrical networks and natural gas networks are discussed.

3.1. Linepack Reserve of Natural Gas Network

Assume that the volume of a pipe 7 is s;. The inlet and outlet nodal pressures are p; and
p2, respectively (p; > p2). The gas flow Fy is given by (7), where ¢ is the pipeline constant that
depends on the properties of the pipeline (length, diameter, and the absolute rugosity) and on the gas
composition [26].

sign(Fr)F2 = & (p} - 1) Y]
Pipeline linepack is defined as the quantity of gas in a pipeline at a given time. With pnrTp

denoting the pressure at normal temperature and pressure (NTP), z denoting the compressibility factor,
the linepack of 7t is given by (8).

Z57 2 pP1p2 )
Lr= - +py— 8
" pNre 3 (P1 P2 p1+p2 ®)

Linepack plays multiple roles in the operation of a natural gas network, including maintaining
minimum offtake pressures, flow characteristics, and allowing for variations in the supply and demand,
which may not be balanced instantaneously [4]. As the natural gas flow is related to the difference
of the quadratic pressures at both ends of the pipeline, the network operator can change the nodal
pressures within a certain range, while ensuring the expected natural gas transport. Linepack reserve
is defined as the amount of natural gas that can be managed flexibly by controlling the operation
pressure levels between a safe pressure band.

For a pipeline 7, assume that its daily maximum natural gas condition is composed of maximum
power demand Dp and non-power demand Dy. Then, its minimum and maximum linepack can be
determined, when Dp + Dy are, respectively, transported at its minimum and maximum pressure
level. Assume that the inlet nodal pressure p; is equal to the maximum pressure p, then according to
(7), the outlet nodal pressure and the maximum linepack of 7t are defined, as in (9) and (10).

p2 = \/p2 — (Dp + Dn)*/ & ©)

— /= — | =—\2
p\/pz — (Dp + D)/ c?
— — = | =2
P+\/P2— (Dp + Dn) /2
Similarly, assume that the outlet nodal pressure p; is equal to the minimum pressure p, then the
inlet nodal pressure and the minimum linepack of 7 are defined as in (11) and (12).

— ZV2,_ 5 = —
Lp= Z(p+/p*— (Dp+Dn)" /2~
o 37 VP - (Dr+ D)’ /e

) (10)

p1= \/P%+(D7P+D7N)2/C2 (11)
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7.V?2 B\/EZ+(D7P+D7N)2/CZ

Ly = S(p+ \/32+(DT»+D7N)2/c2— — ) (12)
PNTP 3 E+\/Bz+(DP+DN)2/CZ
Combine (7)—(12), (13), and (14) can be achieved,
Lrn=Lx— Ly, Ltx =Lx—Lx (13)
Lrn=Lx—Ln (14)

In (13), upward linepack reserve Lr is defined as the difference between the maximum linepack
and the present linepack; the downward linepack reserve Lry is defined as the difference between the
present linepack and the minimum linepack. Lry and Lry, respectively, reflect the amount of natural
gas that could be stored in and withdrawn from 7. In (14), Lr,; denotes the linepack reserve in 7,
which reflects the capacity of the natural gas that can be flexibly managed.

As the pipeline types and the natural gas flow that each pipeline transports vary, when the
linepack reserve of a natural gas network is assessed, each pipeline must be calculated individually.
Then, the sum of the linepack reserve of each pipeline are the linepack reserve of the natural gas
network. For a natural gas network z with pipeline set Qpipe, the upward linepack reserve Lr(t),
downward reserve Lr,(t) and linepack reserve Lr,(tp) are as shown in (15) and (16),

Lro(to) = ). Li(to) — Li(to), Lrz(tg) = ) Li(to) — Li(to) (15)
i€0pipe i€ Opipe
Lr:(to) = ) Li(to) — Li(to) (16)
i€Qpipe

3.2. Flexibility Assessment of IEGN

When the natural gas supply-load mismatches occur, which are usually caused by the fluctuations
either on the gas supply or the gas load, the linepack reserve will automatically be employed to mitigate
the supply-load gap, as shown in Figure 3. Owing to the technical constraints, natural gas contractors
can only change its supply, as scheduled on hour basis [4,27-29]. On the load side, the fluctuation on
non-power gas load, mainly thermal load, is usually minor and negligible. As the interaction between
the electrical networks and natural gas networks increases, more and more supply-load mismatches
are caused by the fluctuations on the power generating load, which are usually resulting from a
supply-load imbalance in the electrical sector. In the following analysis, the role linepack reserve plays
in serving the balancing needs of the electrical network are mainly focused. Generally, as long as
the natural gas-fired generating units can withdraw enough linepack reserve in time, the power flow
fluctuation could be mitigated. This involves concerns both on the time window and the ramping
capability of the natural gas-fired generating units.

Upward linepack reserve

Linepack L(1,) L(t,+T)
a \ !
i 2227
W/// ] 77777777
% L(0) t,+T L(4,+T) t +It2T ?

Downward linepack reserve

Figure 3. The diagram of linepack and linepack reserve.
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The timeframe over which the linepack reserve may be withdrawn for flexibility requirements is
defined as the linepack reserve utilization period, T. T is dependent on the gas network as well as its
scheduling capability. For larger gas networks, where changes to supply flows take longer to filtrate
through the network before reaching demand, a longer linepack reserve utilization period should be
considered. Meanwhile, for gas networks that actively manage their operation, for example, through
the use of compressor stations, shorter timeframes should be considered [19]. In Figure 3, when the
previous T ends and a new T begins, not only the present linepack, but the maximum linepack and
the minimum linepack should be recalculated based on the maximum natural gas flow in this period.
Thus, the upward linepack reserve and the downward linepack reserve will be renewed.

The ramping capability of a gas turbine reflects its ability in employing linepack reserve, i.e.,
the ability in serving the balancing purposes in the electrical network. Assume that the concerned gas
turbines have the same maximum outputs Pgr(t), minimum outputs Pgr(fo), initial outputs Per(to),
and ramping rate Rgr. Assume that it takes tacc = (Pgr — Pgr(t0))/Rgr to increase their outputs
from Pgr(to) to Par(t), taec = (Par(to) — Por)/Rar to decrease their outputs from Pgr(to) to Pgr(fo).
If the linepack reserve capacity is infinite, Wgr (o) and Wgr(to) in (17) and (18) are the maximum
output increment and maximum output decrement that the gas turbine could achieve in T with the

employment of linepack reserve.

v . %RGT : tgcc + (E_ PGT(t0>) : (T - tacc)/ tace < T
Wer(h) = § ] ) (17)
7Rgr-T7, tace > T
_ %RGT ’ tcziec + (PGT(tO) - @) ) (T - tdec)/ fdee < T
War(t) = § ) (18)
QRGT -1, tdec > T

Assume that all of the gas turbines in z share the same efficiency 7, and the heat value of
the natural gas is denoted by g, the maximum capacity of the fast-response flexibility that gas-fired
generating units can provide is derived as (19) and (20),

E:(to) = min{Lr;(to) - 4 - 7z, War(to) } (19)
Ez(to) = min{Lr(ty) - 4 - 1z, Wgr(to) } (20)

4. Optimization Model for the Energy Management

Based on the models that are developed above, a multi-objective optimization model is formulated
in this section. The decision variables vector V is defined as in (21). In (21), p and G are the nodal
pressure vector and natural gas input vector for the natural gas network, Pgr is the output vector for
normal gas turbines, and « is the EDF vector for CCHP plants.

V =[p, G, Pgr, " 1)

The purpose of the proposed optimization model is to improve the profits, linepack reserve,
and energy saving performance of the IEGN, simultaneously. So, the objective function comprises of
three individual objectives, namely Fy, F», and F3.

F; is modeled as the profits of the IEGN, which is the total revenue by selling electricity minus
the generation cost.

F= max[L o P~ ¥ (a4 Peg+¢ Pg))
ieEN jeQCG

- L o (Peri/ (gt 9) — L pedup - Fecpm)
keQar meQccHp

(22)
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In (22), Qcg, Qcr, and Qccpp are the conventional generators set, gas-fired generators set and
CCHP plants set, respectively; P;; is the electric load on the Bus i, Pcg); is the output of conventional
generator j, Pty is the output of gas turbine k; a;, b;, and ¢; are the consumption characteristic factors
of generator j; pEPS is the hourly selling price of electricity, pg%s is the hourly fuel price for power
generating; and, pE%%P is the hourly fuel price for heat and cooling power production.

F; is modeled as the linepack reserve of the IEGN, as given by,

F, =max ) L (23)
ienpipe

In (23), Lr; is the linepack reserve of the pipeline i. The detailed calculation process is as shown in
(7)-(16).

F3is modelled as the PESP of the IEGN assessed by the primary energy saving indicator, as shown
in (24)-(26). Wcenpm, QccHpm, and Rechpm are, respectively, the electricity, heat, and cooling output
of the CCHP plant m.

F
Fs =max{1— 24
3 { W/17§P+Q/17§P+R/17§P-COPSP} @)
F= Y Pegi/n'+ Y. Pori/ngre+ Y. Fochpm (25)
jEQCG kEQGT mGQME

W= )Y Pegj+Porx+ L Wechpm

JE€QCG meQccnp (26)
Q= Y Qccupm: R= ¥ RcchHpm
meQccHp meQccup

The constraints of the proposed optimization model are composed of electrical network
constraints, natural gas network constraints, ME devices constraints, and linepack reserve constraints.

n
Pgi — Pr; — U; 121 U] (Gl] Ccos 9,‘]‘ + Bij sin 91]) =0 (l,] S QB)

! (27)
n
Qi — Qi — U; .Zl U;(Gyjsin6;; — Bjjcos6;;) =0 (i,j € Op)
]:
Pei < Pei < Pe Qe < Qai < Qcr (i € Qc) (28)
|Sii| < Sij (i,j € Qp) (29)

U; <U; < U; (i € Qp)

(27)—~(29) Are electrical network constraints. (27) Represents the active and reactive power balance
for each bus. (28) Represents the output limits of generators. (29) Represents the operational limits on
the apparent power and the steady-state voltage magnitude. (0g and Q)G denote the buses set and the
generator buses set, respectively. Pg; and Qg; denote the active and reactive power outputs, Pr; and
Qi denote the active and reactive power loads, U; denotes the voltage magnitude of Bus i and 6;;
denotes the voltage angle gap between Bus i and Bus j, G;; and B;; denote the real and imaginary parts
of the ith row the jth column element in the nodal admittance matrix. S;; denotes the apparent power
between bus i and bus ;.

S;—D; = Z Fij (l,] S QNG) (30)
j=1
j#i

sign (Fy) F} = ¢ (Plz - P]z) (i,j € One) (31)

|Fj| <Fy, pi <pi <Pi (i,j € Onc) (32)
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(30)-(32) Are the natural gas network constraints. QNG denotes the natural gas network nodes set.
(30) Represents the natural gas flow balance for each node in the natural gas network. (31) Represents
the pipeline natural gas flow function. S; and D; denote the natural gas injection and the natural
gas load on Node i, F;; denotes the natural gas flow between Node i and Node j, p; and p; are nodal
pressures of Node i and Node j, respectively. ¢;; is the pipeline constant. (32) Represents the operation
limits on pipes and nodal pressure.

Eo,x <H,- Ei,x < m (x S CCHPZ', CCHPZ‘ S QCCHP) (33)

HOCHP; . pECHP — pCCHPy pECHP (CCHP; € Qccnp) (34)

(33) and (34) are the CCHP plants constraints. In (33), E, » and E,,x are the maximum output
and minimum output of ME device x in the CCHP plant CCHP;. In (34), EiCCHPi and EgCHPi are the

energy input of CCHP; and local ME demands, ESTT is the energy exchange between CCHP; and
the external energy distribution networks.

_ to+T
E(ty) > / FSmax(t) — FDin (1)dt (35)

fo

E(tO) > /tt0+T Fsmin(t) - FDmax(t)dt (36)

0

(35) and (36) are constraints on the linepack reserve, which are conceived to guarantee the
fluctuations that are caused by the forecasting errors either in the supply or the demand can be
mitigated with the linepack reserve. [FSmax, FSmin] and [FDmax, FDmin] denote the forecasting output
interval of power plants and the forecasting load interval.

Mathematically, this is a multi-objective, mixed integer non-linear problem, which cannot be
easily solved by classical mathematical techniques. To address this, NSGAII [22] is used. NSGAIl is an
improved version of NSGA based on Pareto optimal set, whose main loop is shown in Figure 4. It starts
by initializing the population and assigning an appropriate rank based on the fast non-dominated
sorting approach. Then, reproduction operators, such as tournament selection, recombination,
and mutation are used to create the offspring population. Under the elitist-preserving strategy;,
next generation population is generated via the competition between parent and offspring populations.
The excellent individuals in the present generation are added into the next generation. More details
about NSGAII can be found in [24].

With the NSGAII algorithm, the whole computation process that is shown in Figure 5 could be
summarized as follows.

Step 1: Initialize the outputs of normal gas-fired generator buses as Pgr, except the CCHP plants
buses or the slack bus.

Step 2: Initialize EDF vectors for CCHP plants buses as «. Calculate electricity output W and
natural gas thermal energy input F, according to the local ME demands.

Step 3: Solve the power flow of the electrical network. Calculate the natural gas demand of
normal natural gas-dependent generating units for the calculation of the natural gas flow.

Step 4: Initialize the nodal pressure for all of the nodes in the natural gas network as p, the natural
gas injection from natural gas sources as G. Solve the natural gas flow with natural gas demands that
were calculated in the previous steps.

Step 5: NSGAII is employed to achieve the Pareto-optimal front set.
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[ Tnitialize population |

[ Evaluate objective functions |

[ Rank po\Pulations |

[ Evaluate objective functions |

topping criteria
met?

[ Final populations |

[ Combine parent and offspring populations |

[ Rank populations |
\

[ Select next populations |

Figure 4. Flow chart of the Non-dominated Sorting Genetic Algorithm II (NSGAII) algorithm.

N2
| Initialize EDF a for CCHP plants ]
N2

| Calculate Eiand Eo |

Initialize gas turbine outputs Pcr | | Initialize nodal pressure p, gas injection G Ie
I

Solve power flow

@
Yes

Calculate gas consumptlon with Per |

[ Solve natural gas flow  k———
No

Converge?
Yes
Use NSGALII to find the Pareto optimal results set |

CFrd >

Figure 5. Computation flow chart.

5. Case Study

Two cases are conceived and tested on an IEGN consisting of the IEEE 39-bus system (case39.m
from MATPOWER 6.5) and a natural gas network, as illustrated in Figure 6. The green natural
gas network on the right and the blue electrical network on the left are coupled via three natural
gas-dependent plants. Bus 33, 35, and 37 are connected with Node 4, 2, and 3, respectively. Details of
two normal natural gas-dependent plants are listed in Table 2. Detailed parameters of the pipelines in
the natural gas network are listed in Table 3. The linepack reserve utilization period T is set as 1 h.
The natural gas price is 2.36 ¥/m? for thermal and cooling power production, 2.51 ¥/m? for electricity
generation, and the selling price of electricity is 0.65 ¥/kW-h in 8:00-22:00 and 0.52 ¥/kW-h in other
hours [30,31].



Energies 2018, 11, 734 12 of 20

I :Gas turbine [ :MG plant [, :Gas source

Figure 6. The diagram of an integrated electrical and natural gas network (IEGN).

Table 2. Gas turbines in electrical network.

Bus Number Efficiency Capacity

35 71 =60% 508 MW
37 1y =45% 580 MW

Table 3. Pipeline parameters in natural gas network.

Pipeline Length Diameter Max Pressure Min Pressure

1-2 20 km
2-3 20 km
2-4 40 km 625 mm 0.4 MPa 0.2 MPa
3-4 40 km
14 40 km

5.1. Case A

This case is conceived to illustrate the impacts of CCHP plants on the linepack reserve and the
profits of the IEGN. Two different CCHP plants are alternately connected with the IEGN between
Bus 33 and Node 4. The configurations of CCHP plant 1 and CCHP plant 2 are, respectively, illustrated
in Figures 2 and 7, and are listed in Tables 4 and 5. Figure 8 is the assigned hourly pattern for ME
demands [32]. Two simple energy dispatch strategies are considered for illustration: A. electrical load
following; B. thermal load following. When Strategy A is followed, CCHP plant will mainly rely
on electricity-dependent ME devices, such as EHP; while, when Strategy B is followed, the natural
gas-dependent ME devices, such as CHG, will be considered with priority.

----------- i EDS':
EDS : W’ azwz ---------;/'“ -----------------
........... :_ (I-QZ)WI‘ EHP { % R, L |
COP, 5 oca
........... Wy (1- a3) Wy ( ) Qui User
¥DS F,-| aiFi CHP o | Wa
.......... | (nwing) | Qe @ Wr b 0
LY4Qy T leeeeeeeee.....
| (1-[141)1:'1 CHG Qdes I
(170) Q: l

Figure 7. Configuration of the CCHP plant 2.
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Table 4. ME device in CCHP plant 1.

ME Device Efficiency Capacity
w = 36%

CHP no = 43% 300 MW

CHG 7F =90% 650 MW

EHP COP =35 150 MW

WARG  COPwagg =0.65 800 MW

Table 5. ME device in CCHP plant 2.

ME Device Efficiency Capacity
nw = 36%
77Q =43%

CHG ¥ =90% 650 MW
EHP COP=35 100 MW

CHP 300 MW

Electricity
Heat (summer)

Heat (winter)
Cooling (winter)

500 | Cooling (summer)
400
Energy 200 | e

Demand

(MW) 200 | XX\X_
100 L /\

o L o

123456 789101112131415161718192021222324
Time (h)

Figure 8. Hour pattern of local energy demand.

In Figure 9, Figure 9a shows the linepack reserve of the IEGN when the CCHP plant 1 is online
and Figure 9b shows the linepack reserve of the IEGN when CCHP plant 2 is online. From Figure 9,
we may clearly see the impacts of the CCHP plant configuration, CCHP plant energy dispatch, and the
ME demands on the linepack reserve of the IEGN. The differences between Figures 9a and 9b are
mainly resulted from the configuration difference of the two CCHP plants. In one single picture,
no matter Figure 9a or Figure 9b, the differences among four linepack reserve profiles are caused by
the different energy demands and energy dispatch. Generally, linepack reserves in Figure 9a have
a larger fluctuating range than those in Figure 9b, which is because with one more gas-dependent
ME equipment-WARG, CCHP plant 1 can exert more influences on the IEGN linepack reserve. When
Strategy A is followed, no matter in summer or winter, the linepack reserve are nearly the same
(see Figure 9a,b). Because the heat and cooling production mainly relies on EHP under Strategy A,
the natural gas demands of the two CCHP plants are nearly the same. When Strategy B is followed,
the cooling and heat production for CCHP plant 1 mainly depends on WARG and CHG, which will
push up the overall natural gas demand and reduce the linepack reserve. Especially when the cooling
demand peaks at summer noon, the heat demand surge will result in the sharp drop in the IEGN
linepack reserve.
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m—SummerA SummerB WinterA WinterB

x10° % 10°
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1.0075
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(a) (b)
Figure 9. Linepack reserve of the IEGN. (a) CCHP plant 1; (b) CCHP plant 2.
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Besides the linepack reserve, the profits of IEGN are also influenced by ME devices. Figure 10
shows the profits of IEGN in summer when the CCHP plant 1 is online, and Figure 11 shows part of its
EDF in a day. From Figure 10, the Strategy B is more profitable than Strategy A in summer, and the
profit at night is lesser than in daytime, owing to the lower selling price and the lesser ME demands
at night. At midnight, only electricity demand exists. Without thermal demand, the advantage of
high efficiency of the CHP cannot be fully realized, which makes it more economical to purchase
electricity from the EDS than produce by CHP. At noon, cooling demand peaks, while thermal demand
is relatively small. Under Strategy A, EHP will undertake as much cooling demand as possible, which
will cause CHP to increase the power supply for the EHP. As in Figure 11, a3 drops gradually from
1 at 6:00 to about 0.7. Besides, in the absence of thermal storage equipment, the cogenerated heat will
probably exceed the demand and be wasted. As in Figure 11, the a4 drops gradually from 1 at 6:00 to
0.8 at about 13:00. When strategy B is followed, the abundant heat can serve the cooling production
with WARG, thus decreasing the waste and increasing the profits. As in Figure 11, the a5 drops from
1 at 7:00 to 0.2 at about 13:00.

x10°
5 | —SummerA SummerB

o~ mossmm——
>

4

O 45

)

=

2

A 4T

1 4 7 10 13 16 19 22
Time (h)
Figure 10. The profit of the IEGN.
1
0.8
= 0.6
=
0.4 r 1
— Ly (SummerA)
0.2 | e a, (SummerA) 7
ag (SummerB)
0 . . : . .
1 4 7 10 13 16 19 22

Time (h)

Figure 11. Part of the energy dispatch factors (EDF) of CCHP plant 1.
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5.2. Case B

In Case B, the proposed optimal energy management method is tested on an IEGN with CCHP
plants. Besides the CCHP plant 1 between Bus 33 and Node 4, assume that the normal natural
gas-fuelled plant between Bus 37 and Node 3 is replaced with CCHP plant 2. Different from Case A,
EDF vectors are considered. The EDF vector and the efficiency matrix for CCHP plant 1 are shown in
(2) and (3)—(5). The EDF vector and the efficiency matrix for CCHP plant 2 is shown in (37)—(39).

XMG, = [0‘1/ X, &3, K4, V] T (37)
0 0 0 0
a3 fw 1%} 0 0

e, = UCOP(1—az) 0 0 (38)
0 (1 —}J)COPC(l —0(2) 0 0

1NoF = (1 — Dél)T]t + aqm11g + yCOPt(l — 063)17]/\/0(1 (39)

The number of times that the proposed methodology should be performed in a day is related to the
resolution of the given energy demand data. For the energy demand profile in Figure 7, at least 24 times
of optimization processes should be performed. For the simplicity of illustration, methodology is
performed only once with the energy demand shown in Table 6. Consider that the separate generation
efficiencies are 757 = 0.4, 777 = 0.9 and COPS? = 3.5 [10]. The parameters of the NSGAII algorithm are
set as follows: the population size is 200, the number of generations is 1000, the crossover probability
is 0.9, and the mutation probability is 0.1.

Table 6. Local energy demands (MW).

CCHP Plant Electricity Heat Cooling

1 200 400 75
2 275 325 300

In Figure 12, the optimization results-represented by blue dots, and the initial results, which
are represented by red dots, are illustrated in the objective space. Each dot represent an energy
management solution for the IEGN. In Figure 12, x-axis represents the profit, y-axis represents the
linepack reserve, and z-axis represents the primary energy saving performance.

optimization result . initial result
0.15 |
’,
0.1 4 “h‘ »
% 0.05
£ 005 4
o . .o,
04 ® .."..p..--
Sves epeti bty .
ERR i
-0.05 T Ul
1.3 RIS
1.2 5.8
x10° . 6
1 5 52 x10
Linepack Reserve (m3) Profit (CNY)

Figure 12. Optimization result of Case B.

In Figure 12, blue optimized results, which are roughly composed of two groups of results,
show the superior operation performance than the red initial results, especially the energy saving
performance. Nearly a 10 percent rise in the energy saving performance is achieved, from —0.034-0.066
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to 0.047-0.105, while one third of the initial results’ energy saving performances are in the negative
territory. As to the profits and linepack reserve of the IEGN, the optimization results also outperforms
the initial results, which could be seen from the projection of Figure 12, as illustrated in Figure 13.
Though they cannot reach the maxima at the same time, the maximal profit rises from 5.538 x 10°
to 5.888 x 10°, and the maximal linepack reserve rises from 1.205 x 105 m3 to 1.255 x 105 m3.
The optimized results in the upper left group could bring the IEGN more linepack reserve, which could
secure the safe interactions between the electrical network and the natural gas network, while the
optimized results in the lower right group could bring more economic benefits. The operators of the
IEGN could select their ideal solution according to their preferences.

13 <107
. . optimization result . initial result
—~ 125 F oo oo amom cwmenmu
)
g
o 12F
> - .
=
g LI5t S R
] oo N ®e .
m . .
o Lp ot AL R PR
g o [ 25 *®en .
g 1051 PRG3R o i
= . ® o Aee o % o, . .
::]. .‘. -g.'. ".3 O er el o: ®
1 [ . ¢ LY s °
0.95 1 1 1 1 1 1 1 1 1 i)
4.9 5 51 52 53 54 55 56 57 58 59

Profit (CNY) X 10°

Figure 13. The projection of Figure 11 on the X-Y plane.

Due to the limitation of paper length, take one out of 200 optimized results for illustration.
The generation schemes of natural gas-fired generators in are listed in Table 7. EDF vectors for CCHP
plants are listed in Table 8. The natural gas flow results are listed in Table 9. The natural gas flow in
each pipeline is listed in Table 10. The linepack reserve of each pipeline is shown in Figure 14. When
compared with the average performance of initial results, there is a 9.63% increase in the profit, 11.27%
in the linepack reserve, and 488.39% in the energy saving performance.

Table 7. Generation scheme of natural gas-dependent plants.

Generator Number Output (MW)  Natural Gas Input (m3/s)

33 —252.28 8.51
35 98.37 21.50
37 —279.45 9.21

Table 8. EDF vector of CCHP plants.

CCHP Plant &1 %3 X3 0y a5 g i
1 1 972% 0 1 72.3% - 66.7%
2 319% 826% 0 1 - - 14.3%

Table 9. Natural gas flow results.

Node 1 2 3 4
Node Pressure (kPa) 2014 1978 197.8 1979
Natural Gas Supply (m3/s) 51.6 - 7.6 -
Power Generating Gas Load (m3/s) - 21.5 9.2 8.5

Non-power Gas Load (m3/s) 20 - - -
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Table 10. Natural gas flow in pipelines.

Pipeline Number 12 14 24 23 34
Natural Gas Flow (m3/s) 125 90 17 63 —41

3.0 «10t m Upward Linepack Reserve
m Downward Linepack Reserve
25
a
E 20 |
v
E
5 15
g
M 10 I
24
8 o5 | I I
g 0
9
£ oo N Il = Al
1 2 3 4 5

Pipeline Number

Figure 14. Linepack reserve in each pipeline.

With the obtained linepack reserve, four scenarios are conceived to illustrate the ramping process
of the gas turbine, as shown in Figure 15. Assume that the ramping rate of the gas turbine is 1 MW /min
in Scenario A, 5 MW /min in Scenario B, and 10 MW /min in Scenario C, and the efficiency is 60%,
as listed in Table 2. It could be seen that with adequate linepack reserve, gas turbines could ramp
up to their maximum outputs, or ramp down to their minimum outputs. Besides, gas turbines with
higher ramp rates could change outputs faster. Assume that the efficiency is changed from to 0.5%
in Scenario D. In this scenario, linepack reserve is not enough for the gas turbine to ramp up to its
maximum output in T. It ramps from 98.37 MW to 338 MW in about 16 min, and maintains that output
for the rest of the T.

600
A B C D
Pmax=508MW

§ 500 | :
< 400 |

= 338.37MW, ]
2

=

o

B

St

o

(>

2

S

0 10 20 30 40 50 60
Time (min)

Figure 15. Ramping process of the gas turbine.

With the optimization results above, we may clearly see that the proposed optimal energy
management method contributes to the significant improvement of the profits, linepack reserve,
and energy saving performance of the IEGN. Besides, the impacts of the selling price of electricity,
and the price of the natural gas are also investigated. 150% and 80% selling price of electricity, 150% and
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80% natural gas price are, respectively, considered in the optimization process, and the optimization
results are illustrated in Figure 16. From Figure 16, it could be seen that the changes in the selling
price of electricity have bigger impacts on the operation performance of the IEGN than the changes in
the natural gas price. The increase in the electricity price will promote the profit and energy saving
performance, while they decrease the linepack reserve. The increase in the gas price will promote the
linepack reserve and energy saving performance, while decreasing the profit.

. 0.8 gas price . 1.5 gas price 0.8 electricity price . 1.2 electricity price
0.14 <
0.12 & Moo .
] 3 o e
A e =
7] N . J
m 0.1 1l i LY L]
- $
0.08 4 % .
0.06 -l
1.3
7
x10° )
1 45 2 x10
4 .
Linepack Reserve (m3) Profit (CNY)

Figure 16. Optimization results with different natural gas prices and electricity prices.

6. Conclusions

In this work, a novel optimization framework for the IEGN energy management is presented,
which is aiming at simultaneously improving the economic benefits, safety, and energy saving
performance. In particular, the flexible energy management of the CCHP plants with multiple ME
devices are modelled and integrated in the energy management of the IEGN. At the same time, in order
to secure the efficient and safe interaction between electrical networks and natural gas network, as well
as the flexible and efficient operation of the CCHP plants, the linepack reserve is modelled and is jointly
considered in the proposed energy management framework. Case studies show that the proposed
method could improve the profits, linepack reserve, and energy saving performance of the IEGN.
The methodology that is proposed in this paper may be included into ME system reliability studies,
for instance, into integrated operational models to assess the combined reliability of ME systems with
different ME devices and renewables.
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