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Abstract

The uncertainty and variability of wind power pose significant challenges to secure and reliable operation of power systems.
Coordinated operation of the electric power system and district heating system, which can provide sufficient reserve capacity and
flexibility, is an effective way to cope with the uncertainty. This paper proposes an adaptive robust energy and reserve co-optimi-
zation for the integrated electricity and heat system to minimize the total system cost under the worst-case realization of wind
uncertainty considering spatial correlations of wind uncertainties. The available reserve capacity and flexibility provided by the
district heating system is fully used by exploiting the regulation capabilities of combined heat and power units and electrical boilers,
as well as utilizing the building thermal inertia. To reduce the conservatism of the robust solution, the spatial correlation of wind
uncertainties is considered in the uncertainty set. The column-and-constraint generation algorithm is adopted to solve the adaptive
robust model iteratively by reformulating the second stage with its Karush-Kuhn-Tucker conditions. Simulation results demon-
strate that the economic efficiency is improved by utilizing the reserve flexibility from the district heating system and considering
wind farm spatial correlations. Compared with the conventional single-stage optimized model, the feasibility of the two-stage
robust solution is always guaranteed by considering the real-time operation constraints of the electric power system and district

heating system.

Highlights

A two-stage adaptive robust energy and reserve co-optimization scheme is proposed.
The spatial correlation of wind uncertainty is used to control the conservatism of robust solutions.
The available reserve capacity of combined heating and power units is fully utilized.

Electrical boiler and buildings’ thermal inertia are introduced to increase the reserve capacity.

Keywords
Adaptive robust optimization, energy and reserve co-optimization, integrated electricity and heating system, wind power uncer-
tainty.
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Set of thermal units/wind farms/electric loads/buses connected to bus »
Set of heat nodes/ CHP units/EBs connected to heat source j

Set of heat sources/ heat loads connected to heat node nd
Set of supply pipelines/return pipelines connected to heat node nd
Set of hours

Day-ahead stage/Real-time stage/heat source/heat load

Electricity output of CHP/non-CHP thermal unit

Electricity consumption of electric boiler
Upward/downward reserve capacity of CHP/non-CHP thermal unit

Upward/downward regulation of CHP/non-CHP thermal unit
Load shedding

Deviation of wind power

Wind spillage

Phase angle of buses

Heat output of CHP unit/electric boiler

Temperature of node nd in the supply/return network

Mass flow temperature at the inlet/outlet of pipeline p in the supply/return network

Heat supply at heat load aggregator
Actual heat consumption of buildings at heat load aggregator

Indoor temperature of buildings at heat load aggregator

Energy offer price of CHP units

Energy offer price of non-CHP thermal units

Upward/downward reserve offer price of CHP units/non-CHP thermal units
Cost coefficient for lost load

Susceptance of transmission line nm

Predicted wind power

Electric load
Upward/downward ramping rate limit of CHP/non-CHP thermal unit

Maximum value of CHP output/thermal unit output/power consumption of electric
boiler/wind power deviation

Minimum value of CHP output/thermal unit output

Heat to power coefficient of CHP/power to heat coefficient of electric boiler

Specific heat capacity of water/length of pipelines
Mass flow rate of heat sources/heat loads/supply pipes/return pipes

Ambient temperature of pipelines/maximum/minimum indoor temperature

Air specific heat/indoor air density
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KEV Average thermal conductivity/external surface area/volume of buildings

1. Introduction

Recently, the integrated energy system (IES) has become a promising paradigm of the future energy system. In the IES, different
energy vectors are connected with each other through coupling components [1]. Combined heat and power (CHP) units, which
produce electricity and heat simultaneously, are widely used in the countries and regions with cold winters due to its high efficiency,
e.g., Denmark and Northern China [2]. In this regard, the electric power system (EPS) and district heating system (DHS) are
interdependent with each other and the joint operation of the integrated electricity and heat system (IEHS) can improve energy
efficiency and reduce CO, emissions [3]. However, the power and heat output of CHP units are determined by heat demand, which
limits further integration of wind power. In the winter, the peak demand of heat loads and the peak generation of wind power
usually happen during night, while the electricity demands are quite low at this time [4]. To meet the heat demand, CHP units are
dispatched and generate electricity proportionally, which leads to high wind power curtailment.

In order to better integrate wind power, many efforts have been done to enhance the flexibility of CHP units. The impact of
thermal energy storage (TES) on the flexible operation of CHP was investigated in [5]. TES can transform surplus wind power to
heat and store it in the heat tank, and discharge the heat to DHS when heat demand is high. However, the investment for energy
storage devices is quite high. The benefits of electrical boilers (EBs) and heat pumps (HPs) in the DHS to relax the coupling
between heat and power generation in CHP units, which could facilitate the integration of wind power, were studied in [6]-[7]. In
[8], the time delay of the temperature change of district heating networks (DHNs) was studied and the heat storage capacity of
DHNs was utilized to accommodate more wind power. Beside the measures from source and network sides, the demand side also
has huge potential to improve the flexibility of DHS by taking into account the thermal dynamic characteristics and acceptable
temperature tolerance of heat consumers [9]-[10]. In [11], the thermal dynamic model was integrated into the energy system for
community grids and the energy management was achieved in a distributed way.

The studies above mainly focus on reducing the wind power spillage by improving the flexibility of energy schedules. However,
the uncertainty and limited predictability of wind power also raise rigorous challenges to the secure and reliable operation of power
systems [12]. As described in [13], the impacts of wind forecast errors on the real-time adjustments is significant, which is consid-
ered in the economic dispatch. Accordingly, an increased amount of reserve capacities is required to enable power plants to adjust
their production in real time, and thus avoid contingencies caused by unexpected variations of wind power [14]. One conventional
approach is that all of the reserve requirements are imposed on non-CHP thermal units [15]-[16]. However, this approach is often
costly and quite conservative, which limits the operational flexibility of generators. Actually, with aforementioned measures to
improve the flexibility of CHP units, the DHS can provide certain reserve capacity for the EPS [17]-[18]. The energy and reserve
co-optimization considering the reserve capacity of CHP units has been discussed in [19]-[21]. A joint-dispatch model of energy
and reserve for the CCHP-based MG was proposed in [19], which considers the dynamic process of cooling and heating systems.
Ref. [20] proposed the centralized and decentralized co-optimization of power and reserves in transmission and distribution power
markets based on both cyber and physical systems. However, the heat balance and physical operation constraints of CHP micro-
generators are not taken into account. An optimal dispatch strategy for the IES was proposed in [21], which integrates the natural
gas system and its security constraints, as well as using CHP units’ reserve capacity.

In the aforementioned studies, CHP units are assumed to provide full reserve capacity as thermal units without accounting for
real-time operation constraints of DHS. As such, the real-time regulation might be infeasible after the reserve optimized in the day-
ahead stage is deployed [22]. Therefore, the two-stage optimization framework is constructed to ensure the feasibility of the first-
stage decisions with the consideration of operation constraints in the second stage. Ref. [23] proposed a two-stage stochastic opti-

mization model for the unit commitment under gas-supply uncertainty, where the real-time operation is considered. In [24], the
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day-ahead energy and reserve are determined using two-stage robust optimization under the worst-case realization of wind uncer-
tainty, where the obtained solutions are feasible for all uncertain scenarios. Moreover, another solution to properly utilize the
feasible reserve capacity and regulation of CHP units is to build a proper regulation model. Ref. [4] proposed a feasible region
model for the DHS taking into account the building thermal inertia, which can be directly used in the central dispatch. A regulating
region method to describe the heating-restricted reserve capacity of CHP units was proposed in [25].

However, the reserve capacity schedule for the IEHS in the studies mentioned above are optimized with minimum reserve
requirements or allocated based on a proportionate amount. As such, the schedule problem boils down to a deterministic optimi-
zation and the optimality of the final solution is not guaranteed [26]. With the increasing penetration of wind power, it is essential
to determine the reserve allocations adaptive to wind uncertainty. Ref. [27] presented a fuzzy-based method for the energy and
reserve optimization. However, it is difficult for system operators to choose proper fuzzy membership functions representing the
bound of uncertainty sets. In [28], stochastic optimization (SO) was adopted to optimize the energy and reserve dispatches jointly
based on a number of scenarios representing the wind uncertainty, but the computational burden is heavy in order to ensure the
performance of solutions. The robust optimization (RO), without requiring distribution information of uncertain parameters, has
been extensively studied in the optimal operation of power systems, e.g., security constrained unit commitment (SCUC) [29]-[30]
and security constrained economic dispatch (SCED) [31]. However, the RO has not been well studied to investigate the energy and
reserve co-optimization for the IEHS, where the DHS is able to provide reserve capacity.

Therefore, in order to ensure the economic and secure operation for the IEHS, this paper proposes a two-stage robust energy and
reserve co-optimization scheme to improve the economic efficiency while maintaining the operation security under the worst
realization of wind power by utilizing the feasible reserve capacity provided by the DHS. The major contributions of this paper are
as follows.

(i) The energy and reserve schedule for the IEHS is formulated as a two-stage optimization problem. Compared to the existing
optimization framework, the physical operation constraints for the real-time corrective adjustments of the EPS and DHS are con-
sidered to ensure the feasibility of day-ahead schedules.

(i) An adaptive robust co-optimization scheme for the IEHS is proposed to maintain the secure operation against all possible
realizations of wind power uncertainty. The spatial correlation of wind uncertainties is incorporated to control the conservatism of
robust solutions.

(iii) The additional reserve capacity provided by the DHS is fully used by exploiting the regulation capabilities of CHP units
and EBs, as well as utilizing building thermal inertia, which can compensate the wind forecast error with higher economic effi-
ciency.

The rest of the paper is organized as follows. The structure of the IEHS and mathematical model of two-stage robust energy and
reserve co-optimization for the IEHS are described in Section 2. Section 3 details the solution method for the adaptive robust
optimization model. In Section 4, the case studies and simulation results are given and discussed. Finally, the conclusions are

drawn in Section 5.

2. Two-stage adaptive robust energy and reserve co-optimization for IEHS

2.1 Overview of IEHS

The proposed IEHS consists of the EPS and DHS, which are connected by coupling components. The schematic structure of an
IEHS is shown in Fig. 1. Electric loads are supplied by wind power, thermal units and CHP units, while heat loads are met by CHP
units and EBs. Electric power and heat are provided to consumers through the EPS and DHS, respectively.

DHS have different operation modes, including constant mass flow and constant temperature (CM-CT), constant mass flow and
variable temperature (CM-VT), variable mass flow and constant temperature (VM-CT), or variable mass flow and variable tem-
perature (VM-VT) [32]. In this paper, it is assumed that the DHN is under the CM-VT control strategy, as the heat loss has been

proved independent of mass flow rate [33]. As such, the model of DHS is linear.



112
113

114
115
116
117
118
119
120
121
122
123
124

125

126
127
128

129
130
131
132
133

134

135
136

= . —* Elecrric power flow  —  Heat flow

Energy demands (electricity

and heat demand)
Thermmal unit | e
| <
a_ - — m Building1
a —
’ Uy
Wind power & S i Building?
— ira
. Pl -
ind . 1
|
Electric boiler
— :
CHP unit

Distriet heating network

Fig. 1. Schematic structure of an integrated electricity and heating system

2.2 Objective function

A two-stage robust energy and reserve co-optimization scheme for the IEHS is formulated. The first-stage problem is to deter-
mine the day-ahead energy and reserve schedule with predicted wind power. The second-stage problem corresponds to the real-
time regulations to address the error between actual wind power and the predicted one. An adaptive robust approach is adopted to
formulate this type of two-stage optimization problem [34], considering the worst-case scenario of wind uncertainty. In this regard,
the proposed scheme is cast as the following min-max-min form [35]. The objective is to minimize the total system cost of the
IEHS in both day-ahead and real-time stages, as shown in (1). The max-min calculation in the objective function represents the
regulation cost in the worst-case realization of wind power within an uncertainty set. In the proposed model, not only non-CHP
units but also CHP units provide reserve capacity for the power system to cope with uncertainties. Moreover, the operation con-
straints of the EPS and DHS in the real-time operation are also considered. Thus, the feasibility of energy and reserve schedule is
always ensured.

man( Z C}’G,CHPP}E;HPJ’_C:I,CHPH}!C:I;IP_F Z CGPG + Z (C;R}IC:I;IP,U_,’_C}:RCHP,D)_"_ Z (C;Rg;U_i_Cg:R;‘,D))

g gt h,t St

teT  hed P ged? hedP? ged?
(1
: G,CHP ; CHP,U CHP,D H,CHP CHP,RT CHP G GU G,D shed yshed
+{AI}51XIng( Z G, e T )+C, (Hh,z -H,, )+ Z Cg (’:g,t Y )+ Z G L, )
W el phed P 2ed” led™

2.3 Mathematical formulation of EPS and DHS operations in two stages
The day-ahead energy and reserve schedule is optimized in the first stage and will be kept in the second stage (real-time regula-

tion). Both of day-ahead and real-time operation constraints of the IEHS consist of the constraints of EPS and DHS, respectively.

2.3.1 Uncertainty set description

In the RO, it is of great importance to construct a suitable uncertainty set. Since the predicted wind generation P} adopted in
the first stage is inaccurate, there is an error after the wind generation is revealed in the second stage. Generally, the wind uncer-
tainty is represented by a box uncertainty set that is a polyhedron, which is described as (2). The whole uncertainty set includes

all possible deviations from the predicted wind generation.

P —AW™ <P <P +AW™, WYwed" Viel 2)

w,it %

Due to the geographically close location of wind farms and the inertia of local meteorological system, there is a spatial corre-

lation between the stochastic outputs of neighboring wind farms. The correlation between wind farms is obtained through linear
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models based on the statistical data, which is expressed as ag,, P, ; +by,, ;. According to [36], [Py, — (@ Py + bgu)1/0g, fOl-

lows the t-distribution, where o,

relation is formulated in an interval with a certain confidence level (2a-1), which is described as ,

; 1s the standard deviation. Since the correlation between wind farms is also uncertain, the cor-

(A, P +b, ) 17,0, <P, <(a, P +b, ) +1",0,,, Ygued” VieT 3)

qu,t™ u,t qut — qu,t™ u,t qu,t u,t 2

Taking into account the spatial correlation of wind farms, the uncertainty set is described as (4). The solution of the proposed

robust energy and reserve co-optimization scheme is less conservative by eliminating the extreme scenarios that unlikely happen.

u-lp P — AW <P <PY+AW™, Vwed" VieT @
- " (aqu,tPu‘,te +bqu,z)_t:—20-qut = pq’t < (aqu,tPu‘je +bqu,t) + tr[zl—2o-qu,t: Vq:u € (DWD’Vt eT

2.3.2 Day-ahead operation constraints of EPS
In this stage, the schedules of electric power and heat output are optimized and the reserve capacity is determined to cope with
wind uncertainties. The DC power flow is employed in this optimization model. At each bus of the EPS, the total generation and
electric loads must be balanced at all times:
2 P+ DR X R= D RY = Y R = Y Bu(6,=8,), Vned'vieT ©
heQlH? geqf wea? ieQf? 1eQlP meq)
Constraints (6)-(7) are generation capacity constraints for CHP units and non-CHP thermal units considering reserve capacity,

respectively. Constraints (8)-(9) ensure that each unit provides reserve capacity within its ramping rate.

Ph’C;HP,min S Ph(’ftHP _RhC:It'IP,D, Ph(’thP +R}i§‘IP,U S Ph(,ftHP,maX, Vh e@CHP,vt c T (6)
P& < PS —RIP, PS 4R <PS™ 0<RSY <PRI™, Vge® Viel (7)
0< R < PRI, 0 <RE™P < PR h e @ VieT )

G,U G,y G,D G,down G
0<R%Y < PR, 0<RSP < PRO“™™, Vged®VieT ©)

The output of CHP units and non-CHP thermal units has ramping rate constraints (10)-(11). Constraint (12) limits the electricity

consumption of EBs. Constraint (13) is the transmission line limits.

-PRI™ " A< BT — PO < PRI™AL, Vhe ®TT VieT (10)
—PRY“"At< PY — P, < PRIAl, Vge®® Viel (11)
0<P® <p™™  Vied® VieT (12)

—fn <B,(8,, =6, ) fu, Yne®" VteT (13)

2.3.3 Day-ahead operation constraints of DHS

As illustrated in Fig. 1, the DHS consists of heat sources, heat transmission network and end users. The heat transmission
network consists of hot water pipelines including supply pipes delivering heat to load nodes, and return pipes carrying mass flow
back to heat source nodes.

1) Heat sources
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CHP units and EBs, as the most common heat sources, represent the linkage between the EPS and DHS. CHP units are typically
classified into back-pressure and extraction-condensing units [37]. Due to the linear relationship of electric-heating generation, the

back-pressure CHP unit is adopted in this paper.

HO = g P the d" Ve T (14)

ht

EBs are considered as electric loads in EPS, which consume electricity to generate heat. The model of the EB is described as

bellow.

P =n"P¥ Vied® VieT (15)

it 2

The heat generated from heat sources are used to warm up water or steam and the heat production has correlation with temper-
atures of supply and return pipelines, as shown in (16).
> H+ Y H =eemlS (o -2l"), Vied™.nd =QlF vieT (16)
heQ§H? ieQt?
2) District heating network
The steady state energy flow model is considered in this paper. The continuity of mass flow rate means that, for each node in

the DHN, the mass flows entering the node are equal to the mass flows leaving the node [33], which is depicted as follows.

S, pipe HD __ ND
Dom e Y a, mi = m =0,Ynd e®" VteT (17)
jeal peQsrre 1t
R, pipe _ HS _ ND
domP = Y a, me = m=0,Ynd e®"’ VieT (18)
10l peQlyire jei

In the above equations, a,q, is defined in the following matrix A which is the network matrix that relates the nodes to the pipes
in all supply pipelines [38]. The possible values of a,qp, are +1, -1 and 0, which represent the mass flow injects into or leaves

from the node nd through pipe p, and pipe p does not connect to node nd, respectively.

a, @, ... a,
a a e a
2,1 2,2 2,p
A= . S : (19)
and 1 aml 2 and,p

The mass flow passing through the pipeline will cause heat losses. The temperature drops caused by heat losses in the pipeline
are given in (20)-(21), which is consistent with the flow direction. Since most district heating systems consist of an underground

pipeline network and the temperature variation is relatively small, the ambient temperature is treated as a constant [39].

) kozd 1 JemSPie )
TS,aut _Ta _ (TS,m _ Tta)e pdptylcmyy ,Vp c CDS,plpe’vt eT (20)

pit t pit

. ke zd [ Je-mEPPe .
z_R,omf _Tta — (TR,m _Ta)e pTrdpty fCmy, ,Vp c (DR,ptpe’vt eT (21)

pit pit t

According to the energy conservation law, when the mass flow of pipelines enters a node, the temperature of the mixed fluid is
determined by (22)-(23).

S,pipe | .S,out HS S HS S,ND S ptpe ND
Z» (mp’, T, )+ Z-(mj’t ¥ ) Tors ( Z m, "+ Z m ").Vnd e®"’ VteT (22)
peﬂi(‘f”‘”" jeﬂfj pEQ5 pipe jeQH‘S
> (myrrehr Y (w2 V=P C Y mi Y m),Ynd e @ VieT (23)
peQRf‘P“ lle,m peQR Pipe QHD

The temperature of pipelines flowing out of one node are equal to the mixed temperature at this node.
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3) Heat load
In this paper, a heat load aggregator in the DHS manages all the buildings that connect to the same heat substation, which is
represented as one consumption node [25]. Generally, the indoor temperature of customers is centrally controlled and is assumed

to be the same. The heat consumption at one node is calculated by (26).

HEP =comf® (3" = c5%), Vi ®™ nd = Q" VieT (26)

1t

Due to the large thermal inertia of buildings, the imbalance between heat supply and demand can be temporally accepted in the
DHS. The temperature could be maintained for a while when thermal supply changes. Thus, the thermal inertia of building space
heating is used, which is reflected by the thermal dynamic process of buildings [39]. When thermal supply is larger than space
heating demand, the indoor temperature rises in an acceptable range accordingly, which indicates that the surplus heat can be stored
in the building temporarily. To simplify the thermal dynamic process, it is modeled based on the model described in [40], as shown

in (27). More detailed description can be found in [41]. The left hand side of (27) is the variation of the indoor air heat energy.

T, .
CoPuV d;’ =H"-H", Vied™ VteT (27)

In order to solve the model, the differential equation shown above is transformed into a discrete difference equation with time

interval of one hour (t).

cairpairV(Ti"

Lt+1

-TI"=H,"-H}", Vied™ VieT (28)

t
B

Equation (29) shows the relationship between the heat load used for space heating and the difference between the indoor and

outdoor temperatures of buildings.
HM™ =KF(T" -T"), Vle®"™ VteT (29)
Considering human thermal comforts, the indoor temperature of the building could vary in a certain range deviated from the set
point.
T < T ST, Vied™ VieT (30)
For facilitating the discussion in the following section, inequalities (10)-(13) and (30) are transformed into a compact form as

in (31), and equalities (14)-(29) are transformed as in constraint (32), since the operation constraints in the second stage are similar

as the corresponding constraints in the first stage.

DA CHP G EB in
L (Pht ’Pg,t’E,t ’5n,t=Tl,t)SO (31)
DA CHP EB HD _S/R,HS _S/R,HD _S/R,in _S/Rout _S/R.NDY __
LE (Hh,t ’Hi,t ’Hl,t ’Tnd,t ’Tnd,t ’Tp,t ’Tp,t ’Tnd,t )_O (32)

2.3.4 Real-time regulation constraints of EPS and DHS

The second-stage problem is formulated to cope with the wind power forecast error in the real-time operation. Based on the
uncertainty set and day-ahead schedule from the first stage, the output of thermal units, CHP units and EBs in the IEHS are adjusted
adaptively [42]. Constraints (33)-(36) represent that the regulation of generators in real-time operation is restricted within the

scheduled reserve capacity in the day-ahead stage.
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Constraint (37) represents the power rebalance in the real-time operation. Constraints (38) and (39) denote the limits of the wind

spillage and load shedding, respectively.
z ( CHPU rhC:LIP D)+ z (rg(?t,U )+ Z ( - Puwf _ usp[tll Z (PEB ,RT PEB Z L;fl[ed

heQ(HP gle WEQ”D teQFB leQ,’,n (37)
= > B, (3 -6 -5,,+65,) Vned" Vel
meQ;\(
0<W*"<P ., Ywed" VteT (38)
0<L' <P Vied™ Viel (39)

Constraints (40) and (41) are the compact form of the operation constraints of the EPS and DHS under uncertainty in the second

stage, which are similar to the corresponding day-ahead operation constraints (31) and (32).

RT CHP,RT G,RT EB,RT RT in,RT
LA (PHPRT pORT PEBRT SKT Tinkly < (40)
RT CHP,RT EB,RT HD, RT S/R JHS,RT _S/R,HD,RT _S/R,in,RT _S/R,out,RT _S/R,ND,RT~ __
LE (Hh t H H nd t > “nd t > Y pit ¥ pit > “nd ,t ) - O (41)

2.4 Robust compact formulation

The robust energy and reserve co-optimization scheme described above can be written in a compact matrix form as follows:

mince’x + max min d”
X uelU yeF(x,u) y (42)
s.t. Ax <b, Bx=a, xe R (43)
where
F(x,u)={y|Cy+Dx=<h (44)
Gy+Mu=¢g (45)
yeR'} (46)

where x is the first-stage decision vector representing the continuous variables related to the energy and reserve schedule of the
EPS and DHS; y is the second-stage decision vector representing the real-time regulation variables; u is the uncertain variables
of wind power. Constraint (43) represents all constraints in the first stage (5)-(30). Constraint (44) denotes the inequalities in the
second stage (33)-(36) and (38)-(40). Constraint (45) refers to (37) and (41). Constraint (46) states that y are positive variables.

3.  Solution methodology

The proposed two-stage adaptive robust optimization is solved by the C&CG algorithm [43], which is a cutting plane based
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method. First, the proposed model is decomposed into a master problem (MP) and a subproblem (SP). Second, the SP is trans-
formed into a mixed-integer linear programming (MILP) with its Karush-Kuhn-Tucker (KKT) conditions. Third, the MP and SP
are solved iteratively. In each iteration, the optimal solution of the SP is considered as a significant scenario and new variables and
corresponding constraints are added to the MP.

The MP is described as follows, which minimizes the total system operation cost under the worst-case wind realization u,"

obtained from the SP in the previous iteration.

MP: minc'x +7 47)
x.n

s.t. Ax=<b, Bx=a (48)

n>d"y',vieo (49)

Cy' +Dx=<h,V/ecO (50)

Gy +Mu, =g, VieO 51)

xeR",y' eR",VieO (52)

where 7 is the auxiliary variable, y’ are the new variables generated from the SP and added to the MP, O is the index set for wind
uncertainty scenarios /, and u;" is the optimal value obtained from the SP in the last iteration, which is considered as the worst-case
realization.

With the optimal result x"obtained from the MP, the SP below is to identify the worst-case scenario.

SP: ngxyér;ggu)dTy (53)
s.t. Cy+Dx =<h (54)
Gy+Mu=g (55)

yeR" (56)

In this paper, the inner min problem of the SP is a linear problem (LP), thus strong duality holds and the KKT conditions are
satisfied [44]. Reformulated with the KKT conditions, the max-min SP can be transferred into an equivalent single-level problem

which can be solved by commercial solvers.

KKT-SP: max dy (57)
uelU,yeF(x ,u),A,p,0
s.t. (54)-(56)
d+CL+Gp-v=0 (58)
(Cy+Dx —h). 4 =0, Vi (59)
Y, =0, Vj (60)
4 20,0, 2 0,pisfree 61)

where A, p, v are dual variables for constraints (54)-(56), and i and j are the indices of the corresponding constraints. The nonlinear
complementary constraints (58)-(59) are linearized with the big-M method [43], and the KKT-SP is converted into a MILP problem.



286 The procedure of the C&CG algorithm is conducted iteratively, which is shown in Fig. 2.

287 (1) Initialization. Set the upper bound as co and lower bound as -, convergence error £e=0.01, iteration index /=0, and O=0;
288 (2) Solve the MP (47)-(52), and derive the optimal solution (x5 ;, 7, ;.V;.V5---.y,) and update the lower bound LB=c’x;,,+7,, ;
289 (3) Solve the KKT-SP (57)-(61) with the optimal solution x,,, obtained in step (2), and get the optimal solution (y;r I,Lt,*+ 1), then

£

290  update the upper bound UB={UB,c’x/,, +dTyl b

291 (4) Convergence check. If UB-LB<¢, return y; , and terminate. Otherwise, generate new variables y,, , and add corresponding
292 new constraints (49)-(52) to the MP, and update /=/+1, O=0U{/+1}, then go to Step (2).

Initialize: Set UB=00, LB=-00, £=0.01, /=0

v

Solve MP, obtain the optimal solution

A

(CONR IS A ONERN )
update LB= ¢"x;,, +77,,
l Xy
Solve KKT-SP, obtain the optimal solution
Dt

- . add constraints
update UB= {UB,c x,,, +dv,,,) (46)-(49) to
MP, [=1+1

.
Return x,,,

293
294 Fig. 2. Solving procedure of C&CG algorithm

295 4. Simulation results

296 The topology of the test IEHS is shown in Fig. 3. The system consists of a modified 6-bus system [16] and 4-node DHS [45].
297 The EPS includes two thermal units (G1 and G2), two wind farms (W1 and W2) and one CHP unit. W1 and W2 with 200 MW and
298 150 MW installed capacity are located at Bus 2 and Bus 4, respectively. The electricity loads are distributed at Bus 1 and Bus 2.
299 The power to heat ratio of the CHP unit is 1.5. In the DHS, the mass flow is fixed and the temperature is variable. The supply
300 temperature of the node with heat sources is fixed at 80 °C to guarantee the quality of heat supply. The temperature in supply pipes
301 varies from 60-80 °C, and the temperature in return pipes depends on the absorption of heat demands. An EB with 12 MW capacity
302 is located at Bus 3 and has a fixed electricity-to-heat ratio of 1. In this paper, the heat is used for space heating of buildings. The
303 heat demands of each aggregator are assumed to be the same. The standard indoor temperature is set as 20 °C. The minimum and
304 maximum thermal comfort temperature of end users are set to be 18 °C and 22 °C [46]. The profiles of hourly electric load and
305 heat load are shown in Fig. 4(a). The predicted and actual deviation of the outputs of two wind farms are shown in Fig. 4(b). The
306 proposed energy and reserve co-optimization scheme was simulated in the General Algebraic Modeling System (GAMS) using the
307 CPLEX.
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Fig. 4. Profiles: (a) hourly electric demand and total heat demand and (b) predicted generation and deviation of two wind farms

4.1 Case study scenarios

To demonstrate the effectiveness and advantage of the proposed two-stage adaptive robust optimization scheme, a conventional
single-stage optimization scheme is used for comparison.

(1) M1: Conventional single-stage energy and reserve optimization model. It is optimized under the pre-defined system reserve
requirement without considering the re-dispatch constraints in the real-time stage. CHP units provide full reserve capacity like non-
CHP units. The optimized model is formulated as follows [19].

min ) "( Z CoM PP L T + Z_cg?g?f’u > (C/R/, +C/R))+ z_(c;R;;U+c§R;;D)) (62)
teT  phe@®HP ged” he@CHP ge®f
> RMY 4+ Y RSV2RU,, Y R+ D RSP 2RD, ViteT (63)
he@CHP ge@f he@CHP ge®f

(2) M2: The proposed two-stage robust energy and reserve optimization model. It consists of two stages: day-ahead energy and
reserve pre-dispatch and adaptive real-time re-dispatch. The CHP unit provides available reserve capacity that is constrained by
EPS and DHS operation constraints in both two stages.

Five case study scenarios are defined. Case 1 is a base schedule without any flexibility in the DHS. EBs and the thermal inertia
of buildings, as well as the reserve capacity of CHP units, are not considered in this case. In Cases 2 and 3, EBs and the reserve
capacity of CHP units are considered. In Cases 4 and 5, the thermal inertia of buildings is additionally introduced. Cases 2 and 4

are optimized by M1, while Cases 1, 3 and 5 are optimized by M2. Case details are listed in Table 1.
Table 1 Study cases

Cases CHPasreserve EB  Thermal inertia  Optimized method

Case 1 X X X M2
Case 2 N N X Ml
Case 3 N N X M2
Case 4 N N N Ml
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4.2 Results and discussions

4.2.1 Feasibility analysis of real-time regulation

The validity and advantage of the proposed two-stage robust model (M2), as well as its influence on the feasibility of real-time
regulation, are firstly analyzed. Fig. 5 shows the comparison results of the real-time power regulation in Cases 2-5. Here, since the
cost of wind power spillage is not considered in this paper, neither downward reserve nor downward regulation is scheduled.

From Fig. 5(a), it can be seen that, in Case 2, there is not sufficient available real-time regulation. Since EBs are not scheduled
in the day-ahead stage, CHP units cannot increase their outputs in the real-time operation in order to keep heat energy balance.
Therefore, when the EPS needs upward regulation, the actual available upward regulation that CHP units can provide is 0. Even
though the introduction of buildings thermal inertia enables CHP units to change their outputs to some extent in Case 4, the actual
regulation that CHP units can provide is also insufficient, as shown in Fig. 5(c). As such, the electric loads in Cases 2 and 4 have
to be shed due to the lack of regulation, which results in the high regulation cost of load shedding in the real-time operation.
However, Fig. 5(b) and (d) show that, in Cases 3 and 5, the reserve capacities dispatched in the day-ahead stage are both sufficient
for corresponding real-time regulation. The above observations demonstrate that, in the conventional optimization model (M1),
the assumption that CHP units have full reserve capacity as thermal units is overoptimistic and this will result in the regulation
shortage in the real-time stage.

In summary, the proposed two-stage robust optimization model (M2), considering the real-time operation constraints of the
IEHS, can guarantee the feasibility of day-ahead energy and reserve dispatches. Thus, the economic and secure operation of the

IEHS considering uncertainty is ensured.
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Fig. 5. Required regulation and actual available regulation of generating units: (a) Case2 (b) Case3 (c) Case4 (d) CaseS

4.2.2 Economic benefits of introducing DHS flexibility
Cases 1, 3 and 5 with M2 are chosen to evaluate the economic benefits of introducing the DHS flexibility and the additional
reserve capacity provided by the DHS. The total system operation costs of the three cases are listed in Table 2, which consists of

the costs of energy and reserve dispatches in the day-ahead stage and the regulation cost in the real-time stage. Fig. 6 illustrates
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the optimal dispatches of heat energy and reserve capacity in Cases 1, 3 and 5.

Case 1 is the base case without considering EBs, building thermal inertia or the thermal comfort in the [EHS. Thus, there is no
flexibility in the DHS. CHP units cannot adjust their outputs and hence non-CHP thermal units are obliged to provide reserve, as
shown in Fig. 6(b). According to Table 2, it can be seen that, compared to Case 1, the reserve capacity cost in Case 3 decreases
from $ 8843.48 to $§ 4455.49. There are two reasons. On the one hand, the EBs in Case 3 enables CHP units to adjust their outputs
in the real-time operation and then provide reserve capacity, as shown in Fig. 6(d). Since the reserve price of CHP units is lower
than that of thermal unit G2, the reserve capacity cost is reduced. On the other hand, in the two-stage robust optimization, EBs can
also serve as reserve to compensate the wind power forecast error. Compared with the reserve capacity provided by CHP units and
thermal units, the price of the reserve capacity provided by EBs is relatively cheaper. As such, EBs are scheduled in a priority to
meet part of heat demand in the day-ahead stage, which is shown in Fig. 6(c). When the power system needs upward reserve, the
EB can lower its output in the real-time operation and hence reduce the consumption of electricity. Since heat supply from EBs is
less efficient and more costly than CHP units, the day-ahead energy cost in Case 3 increases a little bit compared with Case 1. Even
so, the total system operation cost in Case 3 decreases by $ 4513.66 overall, as shown in Table 2. Therefore, introducing EBs in
the IEHS can not only increase the flexibility of CHP units and reduce the operation costs, but also improve the reserve capacity
of the IEHS by adopting two-stage robust optimization scheme.

Table 2 Total costs of three cases

Costs($) Case 1 Case 3 Case 5
Energy cost 48405.83  50599.45 50071.50
Reserve capacity cost 8843.48 4455.49 4102.90

Regulation cost (worst case) ~ 9442.19 7122.90 7012.99

Total cost 66691.50 62177.84 61187.39
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(c) Optimal schedule of heat energy in Case 3 (d) Optimal schedule of reserve capacity in Case 3
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Based on Case 3, the building thermal inertia and thermal comfort are taken into account in Case 5. The indoor temperature can
vary in a comfort interval in Case 5. Table 2 shows that, compared with Case 3, the reserve cost in Case 5 decreases by $ 352.59.
As shown in Fig. 6(e), the total heat demand of buildings can be temporarily different from the heat supply in Case 5, indicating
that the indoor temperature rises and the surplus heat is stored in the building when the heat supply is more than heat demand.
Consequently, the flexibility of the CHP is further improved by considering the thermal inertia and thermal comfort. Thus, EBs
can be further utilized to provide available reserve capacity and G1 with the cheapest reserve price can provide more reserve in
Case 5, which is shown in Fig. 6(f). Therefore, compared with Case 3, the reserve capacity cost in Case 5 is reduced. According to
the results, it can be concluded that, with introducing the building thermal inertia into the two-stage robust optimization for the

IEHS, EBs can provide more reserve capacity and the total system operation cost can be further reduced.

4.2.3 Benefits of considering spatial correlations between wind farms

The wind farm spatial correlation affects the total system costs of energy and reserve schedules. According to [47], the spatial
correlation between wind farms is dependent on the wind direction and weather patterns. Generally, the correlation of the outputs
of wind farms is high and positive with a short distance, whereas the correlation is negative with an increased distance. Since the
interval of wind uncertainty spatial correlation is the input of the proposed robust model, it does not affect the proposed model and
solution methodology. Thus, the negative correlation between wind farms is chosen to demonstrate the benefits of considering
wind farm spatial correlations. Based on Cases 1, 3 and 5, the proposed robust energy and reserve co-optimization is simulated
with and without wind farm spatial correlations. The comparison of corresponding system operation costs in three cases are shown
in Table 3. It can be seen that, in all three cases, the reserve capacity cost and total system cost are reduced with the consideration
of the spatial correlation of wind farms. This is because the extreme scenarios, when the maximum deviations of two wind outputs
happen simultaneously, are not included in the uncertainty set by considering wind farm spatial correlation. Thus, the uncertainty
set obtained in this paper covers less area than the typical box uncertainty set and the conservatism of robust solutions is reduced.

Table 3 Total system costs of three cases without and with consideration of wind farm spatial correlation

Without correlation With correlation (95%)
Costs($)
Case 1 Case 3 Case 5 Case 1 Case 3 Case 5
Energy cost 48405.83  50599.45 50071.50 4837436  49901.79  49480.72
Reserve capacity cost 8843.48 4455.49 4102.90 8266.95 4181.79 3882.53

Regulation cost (worst case) ~ 9442.19 7122.90 7012.99 7317.46 5777.69 5552.04
Total cost 66691.50 62177.84 61187.39  63958.77 59861.27 58915.29

5. Conclusion

To cope with the wind power uncertainty, this paper proposes a two-stage adaptive robust energy and reserve co-optimization

scheme for the integrated electricity and heat system with utilizing the additional reserve capacity provided by improved flexibility
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from the district heating system and considering the spatial correlation between wind uncertainties. First, electrical boilers and the
building thermal inertia are introduced into the district heating system, thus the district heating system can provide additional
reserve capacity to the electric power system. In addition, by considering the operation constraints of the electric power system
and district heating system in the real-time stage, the optimal schedule of energy and reserve capacity of the integrated electricity
and heat system is always guaranteed. The adaptive robust model is reformulated with the Karush-Kuhn-Tucker conditions and is
solved by the column-and-constraint generation algorithm. The case study results show that the conservatism of optimized robust
solutions is reduced by considering the spatial correlation between wind uncertainties. Compared with the conventional single-
stage optimization, the proposed scheme can reduce both reserve capacity cost and the total system operation cost while maintain-

ing secure operation.
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