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ABSTRACT Due to the anti-peak shaving characteristics of wind power under the operation mode of ‘““‘power
determined by heat”, a large number of wind power is abandoned at night. In order to solve the problem,
this paper proposes a method of coordinated operation of ground source heat pump (GSHP) and combined
heat and power (CHP) units. Through indirectly reducing the generation power of CHP units, the accom-
modation space of wind power in power grid is improved. A two-stage robust optimal scheduling model
of regional integrated heat-power system (RIHPS) considering the uncertainty of wind power generation
and power load is established. And a distributed solution method based on Alternating Direction Method
of Multipliers (ADMM) method and column-and-constraint generation (C&CG) algorithm is designed.
Then, the Locational marginal pricing strategy with the goal of guiding users to participate in wind power
accommodation is analyzed. The numerical simulation results show that the wind power accommodation
capacity of the integrated system under the operation mode of ““power determined by heat” can be improved
through installing GSHP at CHP units and using price signal guidance.

INDEX TERMS Power determined by heat, ground source heat pump, wind power accommodation, robust
optimization, uncertainty.

NOMENCLATURE Mpyx  Set of the confluence nodes of heating system
INDEX AND SETS S Set of the combined of heat and power units,
n Index of the buses of power system electric boilers and ground source heat pumps

p Index of the nodes of heating system T Set of the dispatching time steps
% Index of the electric boilers EB Set of the electric boilers
w Index of the ground source heat pumps GSHP  Set of the ground source heat pumps
t Index of the dispatching time steps CHP Set of the combined of heat and power units
ref  Index of slack bus SE, SH Set of the shared variables in the sub-problem of
l Index of the number of iterations power system/heating system
N Set of the buses of power system U Set of the uncertain variables
L Set of the branches of power system Sp Set of water injection pipelines of node p
G Set of the buses with generator units (including
CHP units)
M Set of the nodes of heating system PARAMETERS

a,r  Day-ahead dispatching/real-time regulation cost

Mg  Set of the nodes with heat sources ‘
of generator units

B Admittance matrix of power grid, and the ele-
The associate editor coordinating the review of this manuscript and ment B, in it is the admittance of branch n-s
approving it for publication was Akshay Kumar Saha . Wt Output of wind turbines at bus 7 in time ¢
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Power load at bus 7 in time ¢

Upper/lower bound of transmission power of
branch n-s

Upper limit of the output of generators at bus
n in time ¢

Upper/lower bound of phase angle of voltage
at bus n in time ¢

Upper/lower bound of the real-time regula-
tion power at bus » in time ¢

Upper limit of the output of electric boilers at
bus 7 in time ¢

Upper limit of the output of ground source
heat pumps at bus » in time ¢

Upper/lower bounds of deviation between
forecasted and actual wind power at bus # in
time ¢

Upper/lower bounds of deviation between
forecasted and actual power load at bus 7 in
time ¢

Heating load at node p in time ¢

Energy conversion efficiency of electric boil-
ers at node p

Energy conversion coefficient of ground
source heat pumps at node p

Specific heat capacity of water

Heat transfer efficiency/length of the pipe
Normal temperature in time ¢

Upper/lower limit of the output of heat
sources at node p in time ¢

Upper/lower bounds of the node temperature
at node p in time ¢

Proportional coefficient of combined of heat
and power units at bus n

Penalty coefficient of quadratic term
Primitive/dual residual

Output of generators at bus n in time ¢
Output of heat sources at node p in time ¢
Output of electric boiler v in time ¢

Output of ground source heat pump w in time
t

Real-time regulation power at bus 7 in time ¢
Abandoned wind power

Phase angle of voltage at bus n in time
t during day-ahead dispatching/real-time
regulation

Uncertain variables of wind power/power
load at bus n in time ¢

Node temperature of water supply pipe and
return pipe at node p in time ¢

Mass flow rate

Node temperature at node p in time ¢
Lagrange multiplier

DUAL VARIABLES
P yref opp qrref o H 4T D— , D+
)‘n,t’ )”t ’ )‘Z,t’ )‘t ) )‘p,l’ )‘p,l’ ’ Mns,t! Mns,t’
G- G+ ,0— 60+  rL—  rL—  rL+ | rG—  rG—
Mn,t ’ /’Ln,t ’ /’Ln,t ’ Mn,t ’ Mns,t ’ /’Lns,t ’ /*Lns,t ) Mn,t ’ Mn,t ’

G+ ,r— r+ 16—  r0+ , H—  H+  T— T+
Mn,t ’ Mn,t’ H’n,tv /’Ln,t ’ /’Ln,t ’ /-’Lp,t ’ /-’Lp,t ’ /-’Lp,t ’ Mp,t .

MIX
Aot

ABBREVIATIONS
CHP Combined heat and power
EB Electric boiler

GSHP Ground source heat pump

ADMM  Alternating Direction Method of Multipliers
C&CG  Column-and-constraint generation

LMP Locational marginal pricing

I. INTRODUCTION

In the carbon emission gap report 2019, the United Nations
Environment Programme (UNEP) pointed out that the global
carbon emission needs to be reduced by 7.6% annually
between 2020 and 2030 [1]. In the carbon emission gap report
2020, it pointed out that some departments need to realize
the rapid transformation of decoupling with fossil fuels while
improving energy efficiency [2]. It can be predicted that the
installed capacity of renewable energy is expected to achieve
double speed development in the future. In terms of wind
power generation, the proportion of wind power generation
in Denmark has reached 42% in 2015 [3], and the proportion
of wind power generation in some states of the United States
has also reached 30% in 2016 [4], among which the wind
power penetration rate in Texas has reached 50% in some
periods of 2017 [5]. With the increase of wind power installed
capacity in the future, the proportion of wind power genera-
tion will further increase. However, although wind power is
conducive to the goal of “net zero emission”, the large-scale
wind power and its uncertainty bring about the problems of
wind power accommodation and the safe and stable operation
of power grid, which become a major challenge for the power
grid at present and in the future [6].

In order to solve the problem of wind power accommoda-
tion, Wu and Jiang [7] proposed the construction of energy
storage system to improve the wind power adaptability of
power grid. Zhang et al. [8] proposed a two-stage robust unit
commitment model based on risk to analyze the acceptability
of wind power, and Zhou et al. [9] proposed a quantitative
method of operation risk caused by wind power uncertainty,
which adapts to wind power by coordinating multi regional
generation and reserve resources. Xu et al. [10] proposed
that coordinating the spinning reserve of multiple regions will
help to improve the adaptability of wind power generation,
and established a game theory model of spinning reserve trad-
ing among regional systems, which regards spinning reserve
as a commodity. Wei ef al. [11] promoted the consumption
of wind power by designing a reasonable trading mechanism
for wind farms to participate in the market. Marketization is
one of the effective means to solve the problem of renewable
energy accommodation including wind power in the future.
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At the same time, with the concept of energy Internet and inte-
grated energy system [12], as well as a large number of energy
conversion equipment such as combined heat and power
(CHP) units and electric to gas equipment connected in differ-
ent energy systems, the dependence between different energy
systems is stronger. In this context, more and more scholars
pay attention to promoting the accommodation of renewable
energy such as wind power through the coordinated opera-
tion of different energy systems, which is worth studying.
Fang et al. [13] proposed to use electric boiler (EB) with heat
storage to participate in peak load regulation of power grid,
so that the power grid can accommodate more wind power
generation. Liang et al. [14] and Liu et al. [15] respectively
analyzed the improvement effect of CHP unit and electric
boiler equipped with heat storage device on the wind power
accommodation capacity of integrated heat-power system.
Through calculation, it showed that heat storage device and
electric boiler can improve the wind power accommodation
capacity and reduce coal consumption. Jiang et al. [16] and
Chen et al. [17] used the flexibility of district heat system and
natural gas system to promote the adaptation of integrated
energy system to wind power generation by coordinating
the energy production and consumption of different energy
networks. The above references analyzed the methods to
improve the wind power accommodation capacity of power
system and integrated energy system, but there are two prob-
lems in these methods:

(1) The research scenarios designed were idealized.
In some practical scenarios, for example, in the regional
integrated heat-power system with CHP units as the core,
due to the large proportion of micro-gas turbine power gen-
eration capacity and the anti-peak shaving characteristics of
wind power, the system will have a serious problem of wind
abandonment at night when the operation mode of ‘““power
determined by heat” is adopted in the heating season. The
reason for this problem is that the system is limited by the
operation mode of the CHP unit, which has not been analyzed
in the existing references.

(2) When using market-oriented means to guide users to
participate in wind power accommodation through price sig-
nals, the impact of wind power generation and power load
uncertainty on pricing strategy is not considered at the same
time.

Ground source heat pump (GSHP) technology is a new
energy technology using shallow geothermal resources for
heating [18], [19]. He er al. [20] proposed the idea of
improving the peak load regulation capacity of thermal
power units based on the cooperation of heat sources includ-
ing electric boilers, heat pumps with thermal power units.
Tseyzer et al. [21] established the mathematical model of the
joint work of heat pump and thermal power plant, and ana-
lyzed the feasibility of the joint work. Gao et al. [22] ana-
lyzed the economy of heat pump participating in combined
cooling, heating and power (CCHP). Through calculation,
it showed that heat pump can effectively reduce the energy
system cost and waste wind power within a certain capacity
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range. Yang et al. [23] proposed the optimal operation model
of the integrated heat-power system with the participation
of heat pumps and CHP units, and designed a distributed
solution algorithm based on the two-step hydraulic-thermal
decomposition method. The results showed that the interac-
tion between the power grid and the heat supply network
can improve the wind power accommodation capacity of the
system. Arcuri et al. [24] proposed the method of photo-
voltaics and heat pumps participating in the demand response
of micro grid, and verified it with the actual scene in the
University of Calabria. In the existing literature, a large num-
ber of scholars have studied the optimal operation of power
system and integrated energy system with the participation
of heat pumps. The research results show that heat pumps
can indeed improve the wind power accommodation ability
of the system. However, in these research results, the role of
heat pump is only as a power load, which consumes electricity
to improve the space of wind power accommodation. There
is a lack of analysis on the effect of the cooperative operation
mode of heat pumps and CHP units on the improvement of
wind power accommodation capacity of the system.

At present, a lot of scholars have studied the pricing
methods of power system operators. The mainstream pricing
method is the locational marginal pricing (LMP) method of
Pennsylvania-New Jersey-Maryland (PJM) electricity whole-
sale market in the United States [25]. On the basis of LMP
of transmission level wholesale market, the distribution loca-
tional marginal pricing (DLMP) method of distribution level
wholesale market with distributed generations (DGs) is pro-
posed in references [26]-[28]. The actual practice of PJM
electricity wholesale market and the simulation results in
the literature show that the pricing method based on LMP
can guide users to participate in peak load regulation and
reduce the risk of grid congestion. Yue et al. [29] proposed
a joint clearing mechanism of electricity market and heat
market based on LMP of electricity market, and studied the
impact of electricity load and heat load demand on market
price. However, only a single time section is considered in
this reference. For the uncertainty of generation and load,
Fang et al. [30] proposed a clearing mechanism of electricity
market based on LMP. LMP reflected the system cost caused
by the uncertainty of generation and load demand in different
locations. The existing research results of operator pricing
methods mainly focus on the deterministic operation scenar-
ios, that is, the renewable energy such as wind power and
photovoltaic is not considered or the uncertainty is ignored,
and the energy market is dominated by the power market.
There is a lack of research on pricing method of integrated
energy system operation scenario under generation and load
uncertainty.

In the aspect of solving the uncertainty problem in
the power system and integrated heat-power system,
many insightful methods and models have been pro-
posed. Lu et al. [31] considered the uncertainties of the net
electrical-load and outdoor temperature, and then a day-
ahead adaptive robust dispatch model and corresponding
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linearization method were proposed. The uncertainties
including building parameters, weather factors, and human
behavior were also modeled and considered in [32].
Reddy er al. [33] used the ““best-fit” participation factors to
find the optimal real-time schedules considering the uncer-
tainty of renewable energy resources. A two stage optimal
schedule strategy consisted of a genetic algorithm based day-
ahead optimum scheduling and a two-point estimate based
probabilistic real time optimal power flow was proposed in
[34] and [35]. In addition, an informative differential evolu-
tion with self-adaptive re-clustering technique was proposed
to solve the optimal scheduling problem of a wind-thermal
power system in [36]. And then the trade-off between cost and
emission minimization objectives for the wind-thermal power
system was showed in [37]. Nosratabadi et al. [38] proposed
arobust scenario-based optimization strategy to deal with the
uncertainty from market price, wind power output and plug-
in hybrid electric vehicles. Similarly, Zafarani et al. [39] pre-
sented a bounded uncertainty-based robust optimization and
Nojavan et al. [40] proposed a risk-constrained scheduling
model to solve the uncertainty problem in CHP-based micro-
grid. The above methods provide important reference for the
solution of uncertainty in integrated heat-power system.

To sum up, there are two main problems in the existing
research results of wind power accommodation:

(1) There is a lack of analysis on the effect of
the coordinated operation of heat pumps and CHP units on the
improvement of wind power accommodation capacity of the
integrated heat-power system under the mainstream operation
mode of ““power based on heat™.

(2) The impact of generation and load uncertainty and
multi energy system interaction on the LMP has not been
considered.

The operation mode of “power determined by heat” is
the main operation mode of integrated heat-power system at
present. On the premise of not changing this mode, how to use
the existing resources to absorb wind power to the maximum
extent is worth studying. At the same time, wind power with
high permeability on the generation side has natural strong
intermittence and fluctuation. The power load on the load side
presents a diversified development, its fluctuation is increas-
ing and changing rule is difficult to grasp. It is inevitable that
there will be deviations when the system operator forecast
the next-day wind power and power load, which will have a
significant impact on the actual scheduling results. Therefore,
under the double uncertainties from generation side and load
side, how to make the optimal pricing strategy of power grid
to guide users to participate in wind power accommodation
is also a difficult problem. The contributions of this paper are
as follows:

(1) The methods of configuring low cost GSHPs at the
CHP unit and price signal guidance based on the locational
marginal pricing are proposed to solve the serious wind
abandonment problem of the regional integrated heat-power
system with the operation mode of ‘“power determined by
heat”. The GSHPs can share the heating load of the CHP
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unit, thus reducing the power generation of the CHP unit
and increasing the accommodation space of wind power. The
price signal can shift the daytime load to night to increase the
nighttime load. These two methods can solve the wind power
accommodation problem effectively.

(2) A two-stage robust optimal scheduling model of
regional integrated heat-power system considering the double
uncertainties of generation and load is established to ana-
lyze the impact of the double uncertainties on the locational
marginal pricing. Based on the model, the impact of double
uncertainties on locational marginal pricing is found, that
is, the increase of uncertainty will lead to the increase of
peak-valley difference of locational marginal price. And then,
three methods including increasing the capacity of GSHPs,
reducing the proportional coefficient of CHPs and increasing
the energy conversion coefficient of GSHPs are proposed to
solve the wind power abandonment problem caused by the
insufficient transmission capacity.

(3) A method based on Alternating Direction Method of
Multipliers (ADMM) and column-and-constraint generation
(C&CQ) is proposed to reduce the scale and complexity
of the model. The performance of the distributed algorithm
proposed in this paper is tested. The test results show that the
algorithm can solve the two-stage robust optimal scheduling
model quickly when the branch transmission capacity is suffi-
cient. Although the insufficient branch transmission capacity
in power system will increase the number of iterations and
consuming time, the algorithm is still feasible and has good
convergence.

Il. OPTIMIZATION FRAMEWORK

When the wind power in the regional integrated heat-power
system presents the characteristics of low valley in the day-
time and high peak at night, the CHP units need to follow the
change of heat load at all times and cannot participate in the
power supply regulation independently under the operation
mode of “power determined by heat”. Therefore, the CHP
unit still needs to maintain a large output during the period
of high heating load at night. However, at the same time,
the power load on the grid side is in a low period, which will
lead to a large number of abandoned wind at night. In order to
solve the problem of abandoning wind at night, the following
two methods can be used:

(1) When there are abundant shallow geothermal resources
in the area, GSHPs can be installed at the nodes with CHP
units on the heating network side. Through reducing the heat
load of CHP units at night, the generating power of CHP units
can be reduced to increase the accommodation space of wind
power.

(2) The power grid operator guides power users to shift part
of the daytime load to nighttime load by setting the LMP of
each period. Maximize the power load at night and reduce the
amount of abandoned wind power.

Combined with the above two methods, the wind power
accommodation framework of the regional integrated heat-
power system is established, as shown in Figure 1. In the
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FIGURE 1. Wind power accommodation framework of regional integrated
heat-power system.

framework, the power grid and heating network are coupled
by the CHP unit, the electric boiler (EB) and the GSHP.
Among them, CHP unit consumes natural gas to generate a
fixed proportion of electric energy and heat energy to supply
to the integrated system. The EB and the GSHP consume
electric energy and convert it into heat energy to supply to
the heating network.

Ill. MODELING AND DECOMPOSITION

A. ROBUST OPTIMIZATION MODEL

Firstly, the optimization model of centralized scheduling
mode is established. The regional integrated heat-power sys-
tem is composed of power system and heat system, so the
operation cost and related constraints of power grid and heat-
ing network should be considered when making dispatching
schedule. Due to the uncertainty of wind power on the gen-
eration side and power load on the load side, it is necessary
to con-sider the regulation cost of generator units in the real-
time dispatching stage on the basis of day ahead operation
cost. Therefore, the objective function of the centralized
scheduling model is as follows:

min Z Z anPn; + Z Z apHp ;

teT neG teT peM

+ 33 aPBY S 4, PGSHP

teT veEB teT weGSHP

ZrnAn,t (D

teT neG
On the grid side, the following constraints can be obtained
based on the direct-current (DC) power flow model:

Ppi+ Way — AW,y — Dy, — PEE — PSSP
— Z an (Qn,t — es,t) : )\5,1" Vn’ seN (2)

sSin—s

+ max ming
U’m,U’?[ An,r
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Oni < Ot <Ons iy, pint, VneN 5)
O = 0: 17 n = ref (6)

Pai (Wi + UY) = AW,
— (Du+ UR,) = PEE = PGSHP 4 A,
= Y Bu(6;,—00,): M. VnseN ©)
sSn—s

% < Bys (92,; - 9;;) < Py /L:,le;v M;ﬁ.}.’ (n,s) e L
®
0 < Pus+Auy <Pus: s St VneG (9
Ani < DMpi < Apyippsiny, VneG (10)
Oni <Oy <Onsipny  py, VneN (11)
On=0:2", n=ref (12)
0<PEB<PEB, ncEB (13)
0 < POSHP < PGSHP |y ¢ GSHP (14)

uv <u% <uV”
w D nt — Ynt — ¥nt

U= 11U, Uy, (15)

D D D
Un,t = Un,t = Un,t

where (7, s) denotes branch n-s, n and s are the start and
end buses respectively. The dual variable )u,’;, is the day-
ahead locational marginal price of bus » at time 7. Formula
(2)-(6) are the constraints of day-ahead dispatching stage.
Formula (7)-(12) are the constraints of real-time dispatching
stage. Formula (13)-(14) are the heating power constraints
of EBs and GSHPs. Formula (15) is the uncertain set of
wind power output and electric load. In this uncertain set, the
range constraints of wind power and power load forecasting
deviations in each period are given. The upper and lower
bounds of constraints can be derived from the probability
distributions obtained from historical data.

On the heating network side, the heating load is mostly
residential heating load, which has strong regularity and small
fluctuation. Therefore, this paper assumes that the heating
load is deterministic. The heating supply and return network
structure adopted in this paper is shown in Figure 2. The
heating network consists of heat sources, heating loads, water
supply pipes and return pipes.

‘ Supply pipe -
y \
Heat Heat Heat
Source Load Load
? I I
le _Retumnpipe _ § _______ ¥

FIGURE 2. Schematic diagram of heating network structure.
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Based on the thermodynamic model including water sup-
ply network and return network, the following constraints can
be obtained:

H i+ nEBPEB + nGSHPPGSHP _ HDt

= o (15, = TR ) -

H. veM (16

2oLo

Wyl

MIX
Ty Z my = meth )\p; )

weS)y weS)y

+ < Hp: < Hp,y

Ty = (Tpi—Tos) e Vp,geM
(17)

Vp € Myx (18)

X

VpeMs (19)
VpeM  (20)

., H— | H+
. Mp‘[ ’ :u’p,[ E)

=3

t STy <Tps: M,{,;_» IJL;,_,F,
where the dual variable )Lg , s the locational marginal heat
price of node p at time ¢. Formula (16) is the node balance
constraint. Formula (17) is the constraint of pipe temperature
drop. By assuming constant mass flow rate m, (17) becomes
a linear constraint. That is, the temperature at node p is a
linear function of temperature at node g. Formula (18) is the
constraint of the confluence node. Formula (19) and (20) are
the constraints of heat source output and node temperature.

The CHP is the key coupling part between power grid and
heating network, and its heating power and generating power
meet the following proportional relationship:

Pn, = kcupnHy:, Vne CHP (21)

B. MODEL DECOMPOSITION
As the robust optimization model of formulas (1)-(21) con-
tains a large number of variables in the power grid and
heating network, the solution complexity is large. Therefore,
the Alternating Direction Method of Multipliers (ADMM)
algorithm [31] is introduced to decompose the above robust
optimization problem into power system robust optimization
sub-problem and heat system deterministic optimization sub-
problem. The decomposition principle is shown in Figure 3.
The basic idea of decomposition is as follows: generating
power P of CHPs, heating power P8 of EBs and heat-
ing power POSHP of GSHPs are used as the shared variables
of power system and heat system. The shared variables are
transferred between the two systems and the Lagrange multi-
plier A is updated. After a few but many times of information
transmission, the global optimization is achieved. The spe-
cific model after decomposition is as follows.

P, PEB, PGSHP

\/

1 Power

Heat
System | A

System

kHPEB,PGSHP

FIGURE 3. Schematic diagram of ADMM algorithm decomposition
mechanism.
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The sub-problem of power system is as follow:

min Y > anPuity . > aPi+> " > a PG
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The sub-problem of heat system is as follow:

man Z apH, ; + Z ZA(Z) ( E({,H) - SHN)

teT peM teT peS

0 2
PR Y s —su, |

teT neS

s.t.(16) — (20),
SH = {kcupH, PPE, PISHP |,

(24)

S—{CHP, EB, GSHP)
(25)

The calculation steps of ADMM algorithm are as follows:

Step 1: Set the number of iterations / = 1. Given the primi-
tive residual &pi, dual residual £qy,1 and penalty coefficient p.
Set the initial value of the shared variable SE(®a nd the initial
value of Lagrange multiplier 1(©.

Step 2: Solve the power system sub-problem formula
(22)-(23) and the heat system sub-problem formula (24)-(25)
successively, and update the Lagrange multiplier A according
to the following formula (26).

I+1 l I+1 I+1
M =+ (SESTD —smY) o)

Step 3: Judge the convergence according to formula (27)
and (28). If the convergence criterion is established, stop the
calculation and output the results. Otherwise, set/ = /41 and
go to Step 2 to start the next serial iterative optimization
calculation.

Jseti -

HSE(1+1)

n,t

H(H—U”

I /\

Epri 27

A

ity = €dual (28)

C. COLUMN-AND-CONSTRAINT GENERATION
ALGORITHM

The power system sub-problem formula (24)-(25) is now
rewritten in a compact form (29). It can be seen that the
problem is an optimization problem in the form of min-max-
min, and its multi-layer characteristics make it difficult to
solve the problem directly.

min ( ¢’ x 4+ max min bTy
X deD 'y
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st.Fx <f
Ax+By<g
Hy <h
Ly=d
={d|Ed < e} (29)

where x is the day-ahead dispatching schedule. y is the real-
time regulation power, and D is the set of uncertain variables.

The column-and-constraint generation(C&CG) algorithm
is introduced to solve the two-stage robust optimization prob-
lem formula (29). The algorithm reduces the scale of problem
solving by decomposing the problem. After decomposition,
the original problem can be represented as a sub-problem
(SP) and a main-problem (MP). The MP is as follow:

min (ch + oz)
X, 0

st.Fx <f
a>bly,, VzeO
Ax+By*<g, Vz<l
Hy<h, Vz<l
ILy'=d, Vz<l (30)

where O is the set of feasible solutions. / is the number of
iterations. z is the index of feasible solutions.

In the SP, the original problem is in min-max form. When
solving the SP, the day-ahead dispatching schedule x is the
determined value after solving the MP, which can be regarded
as parameters. For min-max problem, dual theory is used to
transform the min-form optimization problem into max-form
optimization problem. The inner optimization problem is as
follow:

min b7y
y
st.By>g—Ax: A
Hy>h:g
Ly=d:n (31)

The duality of equation (31) is as follow. In this problem,
the uncertain variable set D and the day-ahead dispatching
schedule x are the parameters of the problem, rather than the
constraint variables. The optimal value of the problem can be
considered as a function of the uncertain variable set D and
the day-ahead dispatching schedule x.

S (x,d) = max A (Ax—g) — o h+n"d
—ATB—¢"h+nTd=0b"
@ >0,%>0,nfree (32)

After introducing the outer max-problem of the sub-
problem, it is shown in formula (33). At this point, Lagrange
multipliers and uncertain variable set D are new decision
variables, and the day-ahead dispatching schedule x is the
parameter.

R(x,d) = max, A Ax—g)—oTh+nTd
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—ATB—oTh+yTd=0b"
¢ >0,1>0,nfree
deD (33)

Based on the above decomposition results, the specific
calculation steps of C&CG algorithm are as follows:

Step 1: Set the solution accuracy ¢, iteration number / = 1,
feasible solution set O = @, upper bound UB= +00, lower
bound LB =-

Step 2: Solve the MP (30). Note that the feasible solutions
are x;41 and o1, and the lower bound of the new estimation
is LB= CTXI + ay.

Step 3: Solve the SP (33). Note that the result is R(x;), and
the upper bound of the new estimation is UB=max{cTx; +
R(x;), UB}.

Step 4: if UB-LB< ¢, x; is the optimal solution of the
problem, and the calculation ends. Otherwise, perform the
following steps:

(1) If R(x;) < 400, a new variable y**! is added to the
original problem, and the following constraints are added to
the original problem.

a > bTyZ-H

Ax+ By <g

HyZ+1 S h

Lyt =d (34)

Execute O=0U{z + 1}, z = z+1 and go to Step 2.

(2) If R(x;) = +00, add a new variable y**! to the original
main problem, and the following constraints are added to
the original problem. The indeterminate variable d here can
be calculated by introducing a relaxation variable in sub-
problem (33) and using the method in [42].

Ax+ Byt <g
HyZ"rl S h
Lyt =4 (35)

Execute z = z+1 and go to Step 2.

Therefore, based on the above decomposition method,
the main problem and the sub-problem obtained from equa-
tion (22)-(23) are as follows.

MP : mmZZan e+ Z Z avPEB

Pna teT neG teT veEB

+ Z Z awPGSHP

teT weGSHP

+ Y3 (SE

teT neS

2
LSS 5w - sl

teT neS

s.t. (23),

= g (36)

teT neG

H(l))

+a
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PSS g, =1
base+Knt+K =1
_/*anM</3 <M2tM

_MntM ﬁnt—'u’ntM
- /’Ln,tM = /3n,t = /’Ln,tM
b b b
- Kn,tM = yn,t = Kn,tM
M < y,j’t <M
— K, ,M <Kk, M (40)
The nonlinear term )Lfft (U,‘lvt - U,? t) in (37) is linearized
as in (39) and (40) through the similar big-M based methods
in [43] and [44]. For wind power uncertainty, ,Bbase ﬁ; , and
B.; are auxiliary continues variables corresponding to situa-
tions when U, takes the forecasted value, the upper bound
and the lower bound. ,un’,, /,Ln’ , and u, are the auxiliary
binary variables. M is a large enough positive number. The
same method is used to deal with the power load uncertainty.
The transformed sub-problem is a linear programming prob-
lem which can be solved by commercial solver.
To sum up, the algorithm for solving the model established
in this paper is shown in Figure 4.

| Start

l

Decomposition model based on ADMM algorithm,
parameter initialization.

————————————————————— o,

Power system
sub-problem

|

|

|

|
Parameter initialization | [
|

| |
|

|

|

|

|

Solve Main Problem (36),
get the new lower bound.

- Transmit day-
Transmit ahead schedule

shared
variables Solve Sub Problem (37), get
the new upper bound.

sub-problem

Get the worst
scenario

UB-LB<¢

NO
—| Generate new constraints |—

|
|
|
|
|
|
|
|
|
|
|
|
| Heat system
|
|
|
|
|
|
|
|
|
|
|
|
|

Judge the convergence according to formula (27) and (28).

Output, use the solver to derive the dual variable A4 (the day-ahead
locational marginal price of power system and heat system)

l

| End |

FIGURE 4. Flow chart of the algorithm.
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IV. CASE STUDY

In this paper, based on the modified PIM-5 bus regional
transmission network [45] and 32 node heating network [46],
the simulation is carried out. The capacity and marginal
cost of generator units including generator set, electric boiler
and ground source heat pump, and system network struc-
ture of the regional integrated heat-power system are shown
in Figure 5. The branch parameters are shown in Table 1. The
total power load, heating load and wind power generation of
the integrated system in each period are shown in Figure 6.
Wind farms are set at power system bus 2 and bus 5. The
power load is in the low valley at night, while the heating
load and wind power generation are in the peak period. The
cost of wind curtailment is assumed to be 25 $/MWh. The
regulation cost of real-time stage is 1.5 times of the day-ahead
generation cost. The linear programming problem is coded
in MATLAB environment with YALMIP interface[47] and
solved by CPLEX12.6 [48] in Windows 10 operating system

308 35%
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k=15 k=0.9
® @

-4 CHP HB
L6 \_/
108 %
60MW L2
k= L3 Ls 255
4ss 150MW
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© In®
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40MW @ @ &@ 608
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26 Qe——0O—0 27
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15
16 Q&——0O0—Q 17

FIGURE 5. Structure diagram of 5 bus power system and 32 node heat
system.
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TABLE 1. Branch parameters.

Branch L1 L2 L3 L4 L5 L6
R(%) 0.281 0.304 0.064 0.108 0.297 0.297
X (%) 2.81 3.04 0.64 1.08 2.97 2.97
a (MW) 150 150 160 160 150 160
800 T T T T

(=)
(=3
(=)

- M M%_ej/?;e_ .
. . .

Power/MW
o
S

553
(=3
(=)

—¥—  Power Load
Heating Load

0 5 10 15 20 25
Time/h

FIGURE 6. Curve of total power load, heating load and wind power
generation of regional integrated heat-power system.

under the hardware environment that Intel(R) Core(TM)
i7-4710HQ CPU@2.50GHz, 8GB RAM.

A. THE ROLE OF GSHP

In order to analyze the key role of the GSHP in the regional
integrated heat-power system, the following two scenarios are
set up in this paper:

(1) Scenario 1: There is no GSHP at bus 5 of power grid,
and only EBs participate in wind power accommodation.

(2) Scenario 2: There is a GSHP at bus 5 of power grid,
which participates in wind power accommodation together
with EBs.

It can be seen from Figure 7 that when there is no GSHP at
bus 5 of the power grid, a large amount of wind is abandoned
during the period of high wind power generation at night, and
the abandoned wind power even reaches 100%. This is due
to the peak heating load at night, during which CHP units
need to bear a lot of heating load. Accordingly, CHP units
will produce a lot of electric energy. At the same time, due
to the low power load at night, the accommodation space
of wind power is greatly compressed. These reasons lead
to a large number of abandoned wind power in the system.
It can be seen from Table 2 that when there is no GSHP,
CHP units are forced to generate a large amount of electric
energy while generating heat to meet the demand of heating
load. Wind power cannot be used, resulting in high system
operation cost and wind curtailment cost. When the GSHP
is installed at bus 5, the GSHP cannot only consume electric

TABLE 2. The impact of the GSHP on system.

. System Wind Total power
Scenario . . .
number operation curtailment generation of CHP
cost/$ cost/$ unityMW
Scenario 1 6.77x10° 4.06x10* 3621.0
Scenario 2 5.05x10° 0 719.3
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FIGURE 7. Wind power curtailment proportion of the system without the
GSHP.
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FIGURE 8. Branch power boxplot on power grid side in scenario 1 (the
data for branches 3 and 6 are the inverse of their original data).
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FIGURE 9. Branch power boxplot on power grid side in scenario 2 (the
data for branches 3 and 6 are the inverse of their original data).

energy and provide accommodation space for the wind power
on the power grid side, but also take the place of CHP units to
bear a part of the heat load and reduce the power generation
of CHP units. Based on this, the system can make full use
of wind power to reduce operating costs, and the problem of
wind power accommodation is also solved.

In addition, a large amount of wind power at bus 5 needs
to be accommodated, but there is no power load that can
participate in the wind power accommodation. Therefore,
a large amount of power needs to be transmitted to the
adjacent bus of bus 5 through branches L3 and L6. As can
be seen in Figure 8, since there is no GSHPs to help CHP
units share the heating load, the power generated by CHP
units and wind power need to be transmitted from bus 5,
resulting in that the transmission power of branch L3 and
L6 in scenario 1 is very close to the maximum transmission
power of branch in most periods. In scenario 2 with a GSHP
installed, the transmission pressure of branch L3 and L6 is
significantly reduced. It can be seen that the addition of GSHP
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can alleviate the branch transmission pressure caused by wind
power accommodation.

B. PRICING STRATEGY FOR THE REGIONAL INTEGRATED
HEAT-POWER SYSTEM

In order to analyze the impact of the uncertainty of wind
power generation and power load on the locational marginal
price of the regional integrated heat-power system, the fol-
lowing two scenarios are set up in this paper:

(1) Scenario 1: Wind power generation and power load are
determined values, that is, system operators can accurately
predict the power load and heating load demand in the next
day.

(2) Scenario 2: Wind power generation and power load are
uncertain, and the fluctuation range is +10%.

In order to avoid the occurrence of line congestion, the sys-
tem operator should consider how to guide users to reduce the
energy consumption during peak load period when setting the
locational marginal price. The most ideal situation is to shift
the power load as much as possible to the nighttime with high
wind power generation, so as to improve the accommodation
space of wind power. Taking bus 2 and bus 5 on the power grid
side and node 3 on the heating network side as an example
in Figure 10, under the deterministic condition, in order to
achieve its purpose, the system operator will make the heat
price higher in the nighttime period than in the daytime, and
the electricity price lower in the nighttime period than in the
daytime, so as to guide the heating load and power load to
shift to the daytime and nighttime respectively through the
price signal.

55 80
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ES 140 3
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FIGURE 10. LMP of partial buses/nodes under the deterministic
condition.

Under the condition of uncertainty, system operator need
to consider the possible worst case. For the nighttime period,
the worst-case scenario is obviously that the wind power
generation is higher than the forecasted value and the power
load is lower than the forecasted value as shown in the
Figure 11 and 12. At this point, the accommodation space of
wind power is compressed, resulting in an increased proba-
bility of wind power abandonment. Therefore, it can be seen
from Figure 13 that the price gap between day and night is
increasing. There are even peak price and negative price in
the electricity price curve. The peak price is the upward and
downward regulation cost caused by the uncertainty of the
real-time stage. The emergence of negative price shows that
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FIGURE 13. LMP of partial buses/nodes under uncertainty.

the system operator is eager to shift the daytime load to the
nighttime as much as possible.

In addition to the uncertainty from wind power and power
load will have an impact on the pricing strategy of the regional
integrated heat-power system operator, the key coupling node
of power grid and heating network, namely the cogeneration
unit, its ratio of power generation and heat generation will
also have an impact on the pricing strategy of the system
operator. In this paper, the pricing strategies of the system
operator are simulated under the conditions of kcyp =1.2 and
kcgp =2.0. The numerical simulation results are shown
in Figure 14 and 15. Comparing with Figure 13 to Figure 15,
it can be concluded that with the increase of CHP unit coeftfi-
cient kcyp, the difference between peak and valley price will
increase. This conclusion is more obvious in the heat price.
The reason is that when the coefficient kcgyp of the CHP unit
increases, it means that more electric power will be generated
when the unit heat energy is produced, which will occupy the
accommodation space of wind power. Therefore, the pricing
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FIGURE 15. LMP of partial buses/nodes under uncertainty when
Kcyp =2.0.

strategy of the system operator is still to transfer the power
load in the daytime to the nighttime as much as possible,
and the heat load in the nighttime to the daytime as much
as possible. The larger the kcyp value is, the more urgent the
demand of the system operator will be.

C. IMPACT AND SOLUTIONS OF BRANCH CONGESTION
The strong heat demand in the heat system at night will make
the CHP units in the power system generate a large amount of
electricity correspondingly. The transmission of these elec-
tricity is likely to lead to the line congestion. In order to
analyze the impact on the locational marginal price of the
regional integrated heat-power system when the branch trans-
mission power is insufficient, and the effect of some solutions
to congestion, the following four scenarios are set up in this
paper:

(1) Scenario 1: The transmission capacity of branch L6 is
reduced to 150MW, and other conditions remain unchanged.

(2) Scenario 2: The transmission capacity of branch L6 is
reduced to 150MW and the capacity of GSHP is increased to
8OMW.

(3) Scenario 3: The transmission capacity of branch
L6 is reduced to 150MW and set the CHP unit coefficient
kcup =1.2.

(4) Scenario 4: The transmission capacity of branch L6 is
reduced to 150MW, and set the GSHP coefficient nOSHP =5,

From the calculation results of Scenario 1 in Table 3, it can
be seen that when the transmission capacity of branch L6 is
reduced, the wind curtailment proportion in the system and
the system operation cost are increased. At the same time,
in Figure 16 to 20, the more serious line congestion makes the
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TABLE 3. Calculation results under different scenarios.

Scenario number System operation cost/$ Wind curtailment cost/$

Scenario 1 5.22x10° 1.29x10°
Scenario 2 4.97x10° 0
Scenario 3 5.09x10° 9.2x102
Scenario 4 5.04x10° 0
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FIGURE 16. LMP of partial buses/nodes in scenario 1.
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FIGURE 17. Wind power curtailment proportion of the system in
scenario 1.

congestion price part of LMP at bus 4 increase significantly
at 20:00 and 21:00.

In scenario 2 to 4, increasing the capacity of GSHPs,
reducing the proportional coefficient of CHPs and increasing
the energy conversion coefficient of GSHPs are used to solve
the problems caused by the decrease of branch transmission
capacity respectively. These three methods are marked as M1,
M2 and M3 sequentially. The function of M1 and M3 is to
increase the power consumption in the power system, while
M2 is to reduce the output of the generation units. In essence,
they all increase the space for wind power accommodation.
From the final effect of all improvement methods:

1) All these methods enable the system to absorb more
wind power to reduce the system operation cost;

2) M1 and M3 can reduce the wind curtailment proportion
to zero, but M2 cannot. The reason is that the proportional
coefficient of CHPs can be reduced in a limited range;

3) Since only GSHP acts as the power load at bus 5, a large
amount of power generated by the CHP needs to be transmit-
ted to bus 1 and 4 through branches L3 and L6 respectively.
However, there is no load at bus 1. Only a small amount of
power is transmitted on L3, and a large amount of power is
transmitted on L6. This results in the branch L6 operating at
maximum transmission power in all scenarios during the peak
heat demand period at night. Therefore, the congestion prob-
lem in all scenarios cannot be solved under the set conditions,
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and the electricity price at 20:00 and 21:00 increased signifi-
cantly due to congestion. Continuing to increase the capacity
of the GSHPs may solve the congestion. However, investing
too much GSHPs in the actual system requires further study.

4) All methods reduce the pressure of guiding users to use
more heat at night on the heat system side by reducing the
amount of electricity generated when generating the same
amount of heat and consuming more electricity to generate
the same amount of heat. Therefore, the differences between
peak and valley price of heat price in Figures 18 to 20 are less
than that in Figure 16.
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FIGURE 18. LMP of partial buses/nodes in scenario 2.
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FIGURE 20. LMP of partial buses/nodes in scenario 4.

D. CONVERGENCE ANALYSIS OF ALGORITHM

The convergence of C&CG algorithm and ADMM algorithm
is shown in Figure 16. It can be seen that every time C&CG
algorithm is called to solve the two-stage robust optimization
problem, the curve tends to be stable after the fourth iteration.
ADMM algorithm also converges after the fourth iteration.
During the simulation process, the consuming time of heat
system problem (HSP), power system main problem (PSMP)
and sub-problem (PSSP) and the whole problem are shown
in Table 4.
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FIGURE 21. Convergence of the algorithm.

TABLE 4. Consuming time of each step when the transmission capacity of
branch L6 is 160MW.

Iteration Number HSP(s) PSMP(s) PSSP(s) Whole Problem(s)*
1 2221 4.674 9.738 17.414
2 1.946 18.072 73.294 93.993
3 1.465 14.954 28.121 45.764
4 1.535 15.181 29.164 47.109
5 1.986 21.992 37.825 63.626
6 1.217 19.486 26.606 49.222
Total 10.369 94359  204.748 317.128

* Consuming time of data initialization/output is included.

TABLE 5. Consuming time of each step when the transmission capacity of
branch L6 are 150MW and 180MW.

Transmission Total Whole
capacity iterations HSP(s)  PSMP(s)  PSSP(s) Problem(s)
150 12 14910  693.149  747.347 1463.224

180 6 8.056 25.258 46.049 86.153

More importantly, by comparing Table 4 and V, it can
be seen that the solution can be quickly completed when
the branch transmission capacity in the power system is
sufficient. However, when there is insufficient transmis-
sion capacity, the total iteration number and consuming
time increase. Therefore, whether the transmission capacity
of the branches in the power system is sufficient or not
has a great impact on the algorithm convergence speed.
But in general, the distributed algorithm for solving
the two-stage robust optimization model of the regional
integrated heat-power system is feasible and has good
convergence.

V. CONCLUSION

In order to solve the wind abandonment problem during
the high wind power generation period at night, methods
including installing GSHPs at CHP units and guidance based
on price signal is proposed. Based on the two-stage robust
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optimization model of the regional integrated heat-power
system established, the impact of uncertainties on the pricing
strategy is analyzed. The conclusions are as follows:

(1) Reducing the power generation of CHP units can
improve the accommodation space of wind power. The
GSHPs can share a part of the heating load for CHP units to
reduce the power generation of CHP units under the operation
mode of “power determined by heat™.

(2) Increasing the daytime heating load and reducing the
nighttime power load are beneficial to the accommodation
of nighttime wind power, which can be achieved by system
operators using price signals. The greater the uncertainty of
power load and the proportional coefficient of CHP units,
the greater the gap between daytime and nighttime LMP.

(3) Methods including increasing the capacity of GSHPs,
reducing the proportional coefficient of CHPs and increasing
the energy conversion coefficient of GSHPs can be used to
solve the wind power abandonment problem caused by the
insufficient transmission capacity.

(4) The distributed algorithm proposed is feasible and
has good convergence. It can solve the model quickly
when the branch transmission capacity is sufficient. When
the branch transmission power in the power system is
insufficient, the iteration number and the consuming time
increase.

In this paper, the heating load at each node is only cal-
culated in terms of the total amount, not a refined model.
However, similar to the GSHPs, the thermal inertia of the
distributed heating networks and buildings can bring a lot
of flexible resources to the heat system [49], [50]. Through
using these flexible resources, the heating load curve can
be improved, and then the output of CHP units can be
optimized to improve the accommodation space of wind
power. In addition, the energy preferences of users will bring
uncertainty to the heating load [32]. These are promising
research directions. Further research will be carried out in
this direction in future work. Based the study results in this
paper, the following assumptions can be made: 1) The thermal
inertia can improve the wind power accommodation capacity
of the system, which may be more flexible than the GSHPs;
2) When heating load is uncertain, the operator will increase
and decrease the heat price during the nighttime and daytime
respectively to shift the heating load to the daytime. The
increase of uncertainty range will increase the gap between
the peak and valley prices.
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