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Abstract— This paper is focused on utilizing customers’ flexi-
ble energy demand, including both heat demand and electricity 
demand, to provide balancing resources and relieve the difficul-
ties of integrating variable wind power with the combined heat 
and power (CHP). The integration of heat and electricity energy 
systems providing customers with multiple options for fulfilling 
their energy demand is described. Customer aggregators are  
introduced to supply downstream demand in the most economi-
cal way. Controlling customers’ energy consumption behaviors 
enables aggregators to adjust their energy demand in response to 
supply conditions. Incorporating aggregators’ flexible energy  
demand into the centralized energy dispatch model, a two-level 
optimization problem (TLOP) is firstly formed where the system 
operator maximizes social welfare subject to aggregators’ strat-
egies which minimize the energy purchase cost. Furthermore, the 
sub-problems are linearized based on several reasonable     
assumptions. Optimal conditions of the sub-problems are then 
transformed as energy demands to be described as explicit piece-
wise-linear functions of electricity prices corresponding to the 
demand bid curves. In this way, the TLOP is transformed to a 
standard optimization problem, which requires aggregators to 
only submit a demand bid to run the centralized energy dispatch 
program. All the parameters pertaining to the aggregators’   
energy consumption models are internalized in the bid curves. 
The proposed technique is illustrated in a modified testing system. 

Index Terms—Combined heat and power (CHP), flexible de-
mand, linearization, integrated energy dispatch. 

 

NOMENCLATURE 

, ,gi gj gk    Index of generating units (subscript) 

j    Index of customers (subscript) 

i    Index of aggregators (subscript) 
,n p      Index of buses (subscript) 

t     Index of time intervals (superscript) 

wC    Specific heat of water ( / ( )oJ kg C  ) 

/s rT T    Supply/return temperature ( oC  ) 

/a nT T    Ambient/indoor temperature ( oC  ) 

/in outT T   Inlet/outlet temperature ( oC  ) 

im    Heat water mass flow ( / skg ) 

H      Volumetric heat index ( 3/ (m )oW C ) 

V    Peripheral volume (
3m ) 

l    Length of the pipe (m) 

h    Heat transfer coefficient ( / (m )oW C ) 

R     Relative water flow ratio  

es    Efficiency of electric heating  

    Water density ( 3/kg m ) 

Ngj   Number of CHP units 

Ngi   Number of electricity-only units 

Na    Number of aggregators 
NT    Number of time intervals 

iB    Benefit function of aggregator i   

e,giG    Output of thermal electricity-only units (MW) 

e ,gjG     Power output of CHP units (MW) 

,h gjG     Heat output of CHP units (MW) 

eh    Heat-to-electricity ratio of CHP units 

eL     Total electricity demand (MW) 

esL     Electricity demand (heating) (MW) 

0eL     Electricity demand (non-heating) (MW) 

0h , jL     Heating demand of customer j  (MW) 

h,iL     Heat demand of aggregator i  (MW) 

npG    Conductance of the transmission line 

npB    Susceptance of the transmission line 

     Phase angle 
V      Magnitude of the bus voltage 

m axT    Transmission line capacity (MW) 

     Efficiency of electric heating 

,e hp p   Electricity price, heat price ($/MWh) 

     Dual variables of the constraints 
 

I. INTRODUCTION 

HE growing awareness of climate change and environ-

mental issues entails the transition towards a low-carbon 
and sustainable energy system [1]. As an efficient measure to 
improve energy efficiency, the integrated energy systems (IES) 
have gained rapid development in recent years. The heat and 
power integrated energy system (HE-IES), based on combined 
heat and power (CHP), is one of the most important forms of 
IES [2]. Countries around the world have made great efforts 
to develop CHP. In Denmark, CHP covers about 40% of the 
demand for space heating [3]. In northern China, CHP based 
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district heating (DH) has been installed in more than 300 cities, 
serving 40% of China’s population [4]. 

However, the inharmony between the high-penetration 
wind power and the wide use of CHP has become a challenge 
for operating the energy systems [5]. On the one hand, the 
fluctuation of wind power makes electricity price vary    
significantly during the operating day. Thus, the profit of CHP 
units can be dramatically reduced in periods of low electricity 
price resulting from large wind power production [6]. On the 
other hand, the electricity generation of CHP units is     
constrained by their heat production, which must target on 
customers’ heat demand. This leads to high wind power   
curtailment when the electricity production of CHP units   
covers most of the electricity demand during the off-peak 
hours[4]. 

Facing the challenges of integrating wind power with CHP 
units, a lot of researches have been conducted on increasing 
the flexibility of CHP based energy system. These works are 
mostly focused on decoupling the heat production from  
electricity generation by coupling CHP units with thermal 
storage or electric heating systems (EHS), such as heat pumps 
and electric boilers [7, 8]. However, these measures are more   
appropriate for relatively small CHP units used for district 
heating. For the centralized and high-capacity CHP units, it 
would be difficult to install the thermal stores of correspond-
ing capacity. Moreover, the utilization of the heat storage  
capacity of the district heating network for increasing the   
flexibility has been proposed in [9]. 

Besides the measures from the production and network 
sides, the demand-side resources hold untapped potential for 
increasing the operational flexibility of CHP based IES. Given 
that the operation of CHP units is usually constrained by their 
heat output, encouraging customers to adjust their energy  
demand, especially the heat demand, in response to the supply 
conditions is crucial for increasing the flexibility of the energy 
system. Moreover, it has become a realistic possibility since 
more and more heating systems are transformed from constant 
flow systems to variable flow systems [10]. 

Indeed, the integration of multiple energy systems imparts 
flexibility to customers’ energy demand. In the integrated  
energy system, customers have multiple options to fulfill their 
energy demand [11, 12]. For instance, their heating demand 
can be supplied through the heat power from the heat networks 
or the electric heating devices. Since alternate cost pricing is 
a common practice pricing mechanism used in DH system and 
electric heat pumps have come to be a price competitive    
alternative[13], it would be economically feasible for custom-
ers to switch to electric heating during low-electricity-price 
periods. Such built-in flexibility enables customers to adjust 
their energy demand in response to the supply conditions to 
reduce their energy bills. In this way, the independent system 
operator (ISO) will also obtain more balancing resources for 
maintaining the energy balance and improving the operation 
flexibility of the energy system. For example, when the   
electricity is oversupplied due to the increased electricity   
production from the wind power, the electricity price can be      
relatively low and customers therefore may increases the use 

of electric heating. Then, the aggregated demand for     
electricity increases while the demand for heat decreases. 
CHP units therefore can decrease the amount of heat and  
electricity produced. In this way, the rebalance is achieved 
without the curtailment of wind power and customers also 
benefit financially.  

The potential for flexible multiple energy systems to pro-
vide demand response (DR) have been illustrated in [14-16]. 
These studies are more focused on identifying and quantifying 
their electricity shifting potential to participate in real-time 
DR programs. Moreover, the utilization of the demand     
response for releasing the heat production constraints in the  
HE-IES has not been discussed yet. 

This paper investigates the utilization of customers’ flexible 
energy demand, including both heat demand and electricity 
demand, to provide additional balancing resources for main-
taining the energy supply and demand balance and avoiding 
the wind power curtailment. Customer aggregators are intro-
duced to purchase energy from the centralized energy systems 
for supplying customer’s energy demand in the most cost-ef-
fective way. Meanwhile, by controlling customers’ energy 
consumption behaviors, aggregators are able to adjust their 
energy demand in response to supply conditions. 

It is assumed that both electricity energy system and heat 
energy system are managed by a single ISO and all the aggre-
gators seek to minimize their energy costs. Incorporating the 
aggregators’ flexible energy demand into the central energy 
dispatch model therefore forms a two-level optimization  
problem (TLOP), where the ISO maximizes social welfare 
subject to aggregators’ strategies in which aggregators adjust 
their energy demand so as to minimize the energy purchase 
cost. Moreover, the low-level problems are linearized based 
on several reasonable assumptions. KKT conditions of the 
low-level problems are then transformed into energy demand 
as explicit and piecewise-linear functions of electricity prices 
corresponding to the demand bid curves. In this way, it     
requires each aggregator to submit only a demand bid to run 
the centralized energy dispatch. All other parameters pertain-
ing to the energy consumption models are internalized in the 
bid curves. After that, the TLOP problem is transformed into 
an extended optimal power flow (OPF) problem, in which   
electricity energy and heat energy are jointly optimized.   

The proposed technique is used in a modified testing system. 
We find that the customers’ flexible energy demand can serve 
as a tool to further bridge the heat and electricity energy   
systems from the consumption side which enables the co-op-
timization of the two kinds of energy systems. The illustrative 
results demonstrate that not only the volatility of electricity 
price and wind power curtailment can be reduced, but also the 
social welfare can be increased remarkably. 

The remainder of the paper is organized as follows. Section 
II describes the structure and aggregator model of the HE-IES. 
The TLOP for joint heat and electricity dispatch is formulated 
in Section III. Section IV simplifies the sub-problems. The 
manifold benefits of the proposed technique are illustrated by 
the case study in Sections V. Section VI is the summary of the 
paper. 
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II. HEAT AND ELECTRICITY INTEGRATED ENERGY SYSTEM 

A. Description of the HE-IES 

The proposed HE-IES is a combination of CHP based heat-
ing system and electric power system, which supplies heat and 
electricity for customers.  

The schematic graph of the HE-IES is shown in Fig.1. 

 
The system involves heat and electricity generating units, 

heat and electricity grids, and customers’ energy demand as 
shown in Fig. 1. 

Generally, the generating units in the HE-IES can be di-
vided into electricity-only units, cogenerating units and heat-
only units. The electricity-only units include conventional 
electricity generating units, such as thermal power generating 
units (TPP), and renewable energy power generating units 
(RES power, such as wind power). The cogeneration units are 
CHP units, and the heat-only units usually refer to boilers. 
Moreover, the heat and electricity production of a CHP unit 
are coupled, which have to stay within the feasible operating 
area [7].  

The heat produced by the CHP units is delivered to the cus-
tomers through the DH networks, to which the CHP units and 
customers’ buildings are connected. After generation, the heat 
is distributed to the customers via the DH network of pipes. 
At customer level the heat network is usually connected to the 
central heating system of the dwellings via substations[17]. In 
a DH system intended to supply a customers’ energy require-
ment, two parameters can be controlled: supply temperature 
and flow rate[18].Moreover, more and more DH networks are 
transformed to variable flow systems, which allows the heat 
output to change when some of the customers' heating demand 
changes. It is suggested that modern DH schemes give    
customers just as much control as individual gas boilers and 
could be very efficient[17].  

B. Modelling the Customer Aggregators’ Energy Demand 

Customer aggregators as an independent entity is in charge 
of purchasing energy from the energy market and supplying 
the downstream demands. The aggregator can be modelled as 
a heat and electricity integrated energy consumption node, as 
shown in Fig.2. 

 
1) Energy Demand of the Aggregator 

Energy demand of the aggregator is defined as the demand 
for the imported electricity and heat from the energy grids. 
The electricity demand of the aggregator is equal to the sum 
of the electricity demand of all the customers, which is ex-
pressed as: 

 
i

e,i e, jj
L L


   (1) 

where i  identifies the set of customers served by the ag-

gregator i  . 
The heat demand of the aggregator can be calculated as: 

 ( )h,i i w s rL m C T T    (2) 

2) Heating Network  
A heat source supplies heat by means of hot water or steam, 

and then the heat power is delivered to the customers through 
the heating network. A heating network consists of supply 
pipes and return pipes. Heating systems can be controlled with 
constant flow and constant temperature, constant flow and 
variable temperature, variable flow and constant temperature, 
or variable flow and variable temperature[17]. Moreover, 
more district heating systems are transformed from constant 
flow systems to variable flow system [19]. In this paper, it is 
assumed that the heating systems are operated with variable 

flow and constant temperature, i.e. sT is maintained constant 

and 
im may vary within the selected range.  

The temperature drops exponentially during water flow in 
pipes[20], hence:  

 
( )

( )

s w i

r w i

hl c m
in s a a

hl c m
out r a a

T T T e T

T T T e T

  

  
  (3) 

where sl  and rl  are the length of the supply pipe and return 

pipe, respectively. Usually, it can be assumed that s rl l l  . 

Moreover, as we can see from Fig.2, the heat loss in the 
network can be expressed as: 

    loss
h w i s r w i in outP C m T T C m T T       (4) 

As shown in (3) and (4), the heat loss is related to the gross 
water flow (which is dependent on the heating demand), am-
bient temperature, the length of the heat pipe, and so on.  

The gross water flow of the heating system equals to the 
sum of the flow of the pumps at customer sites, which is ex-
pressed as: 

 

 
Fig. 1. Schematic graph of the HE-IES. 

 
Fig. 2. Schematic diagram of the aggregator’ energy demand. 
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i

i jj
m m


    (5) 

Moreover, it is defined that: set
j j jm R m , where set

jm   is 

the rated water flow, and jR  is the relative water flow ratio.  

3) Electricity Power Balance  
The electricity demand of the customer j   can be divided 

to heating-demand es, jL and non-heating demand 0e , jL  . The 

non-heating demand includes the lighting, pumps, fans and 

other electric appliances. The electricity demand e, jL is the 

sum of the heating-demand and non-heating demand, which is 
expressed as: 

 0e, j es, j e , jL L L    (6) 

4) Heat Power Balance  
There is a direct relationship between heating load and the 

temperature difference between the inside and outside of the 
customers’ building. The more the temperature difference is, 
the more the heating demand is. Generally, indoor temperature 
of customer j   is centrally controlled and is assumed to be 

the same as that of other customers. The heating load of   
customer j  is estimated as: 

 
0 ( )h , j j j n aL H V T T   (7) 

The heat supplied to customer j  comes from heating   

radiators and electric heating devices. The total value of heat 

injected into the customer’s building ,in jH can be calculated 

as the following: 
 

, , , , ( )in j es j net j j es j j w in outH H H L m C T T      (8) 

where 
,es jH  and 

,net jH  are the heat release rate of the  

electric heating device and the radiator installed for customer 
j , respectively. 

,es jL  is the electric power input of the elec-

tric heating and 
j  represents its efficiency.  

Therefore, the response of the indoor temperature of cus-

tomer j  can be expressed as: 

 , 0( )n
j w j j es j j w in out h , j

dT
C V L m C T T L

dt
      (9) 

III. TLOP-FORMULATION OF THE DISPATCH MODEL 

In this paper, it is assumed that both the electricity system 
and heat system are managed by a single ISO. The ISO runs a 
centralized energy dispatch model for the dispatch of heat  
energy and electricity energy. As aforementioned, the integra-
tion of heat energy and electricity energy imparts flexibility to 
customer’s energy demand. The flexibility can be further 
managed and aggregated by the aggregators. Moreover, the 
energy market is able to provide economic incentives to offer 
flexibility through real-time price mechanism. Aggregators in 
charge of controlling customer’s energy consumption pattern 
could take advantage of these incentives for minimizing the 
energy purchase cost. The aggregators’ response, in return, 
provides additional flexibility to power system operators, 
which is necessary to the transition towards more renewable 
generation. 

However, it should be noted that the aggregators’ adjusting 
their energy demand introduces additional uncertainty to the 
energy system operation. Usually, it can be assumed that all 
aggregators are rational market participants who try to   
minimize the energy purchase cost. As a result, the centralized  
dispatch model forms a two-level optimization problem where 
the ISO maximizes the social welfare based on all bids in the 
market subject to a sub solution where the aggregators   
minimize the energy purchase cost based on the energy prices. 
To be specific, aggregators are supposed to send information 
on their energy consumption models to the ISO in the pro-
posed approach. The ISO runs the centralized energy dispatch 
model with the consideration of the aggregators’ optimal strat-
egy. In this way, the clearing results guarantee not only the 
optimal solution for the total energy system, but also the min-
imum costs for all aggregators. Hence, the convergence to an 
equilibrium among all aggregators can be guaranteed. 

The formulation of the two-level optimization is shown in 
(10)-(29). 

 , ,

,1 1, ,

, , ,1 1

( ( , )

( ) ( , ))

t t t
e,gi e gj h gj

NT Na t t
i e,i h it iG G G

Ngi Ngjt t t t t
gi e gi gj e gj h gjgi gj

Maximize F B L L

C G C G G

 

 



 

 

 
 (10) 

Subject to: 

, ,

cos( ) sin( )

n n n

n

t t t
gi gj ie gi e gj e,i

t t t t
p n p np n p np n p

G G L

V V G B   

  



   

      
 (11) 

 ,
d n d n

t t
h gj h,in gj n i

G L t
   

      (12) 

 
, , , ,t t t

e gi e gi e giG G G t gi     (13) 

 
, , , ,t t t

e gj e gj e gjG G G t gj     (14) 

 
, , , ,t t t

h gj h gj h gjG G G t gj     (15) 

 , , ,
t t
h gj he gj e gjG G    (16) 

 max max ,np np np nT T T p       (17) 

 ,t
n t n         (18) 

 ,( , ) arg minimizet t t t t
e,i h i e e,i h h,iL L p L p L   (19) 

subject to: 

 
i

t t
e,i e, jj

L L


   (20) 

 (T T )t t
h,i i w s rL m C    (21) 

 
i

t t
i jj

m m


   (22) 

 , ,t t set
j j jm R m t j     (23) 

 , 0( ) 0 ,t t t t t
j es j j w in out h , jL m C T T L t j         (24) 

 ( )
t

w ihl c mt t t
in s a aT T T e T     (25) 

 ( )
t

w ihl c mt t t
out r a aT T T e T    (26) 

 0
t t t
e, j es, j e , j iL L L j      (27) 

 ,t
jR R R t j      (28) 

 t t
e np   (29) 
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The high-level problem (10)–(18) represents the centralized 
energy dispatch with the target of maximizing the social  
welfare. Equation (11) and (12) represent the power balance 
and heat balance, respectively. Since this paper is focused on 
the steady state, the heating network in a heating district is 
equivalent to a single node, where only the heat balance is 
considered, as shown in (12) [21]. Equations (13)–(15) are 
power output bounds for the generating units. Constraints (17)    
enforces the transmission capacity limits of each line.    
Constraints (18) stands for angle bounds for each node. 

n
d

   identifies the node belongs to heating district d .

ngi    identifies the thermal power generating unit located 

at bus n . np  identifies the bus p   connected to bus 

n  . 
,he gj  is the heat-to-electricity ratio of the gj-th CHP unit. 

It should be noted that the heat demand and electricity demand 
(

,,  t t
e ,i h iL L ) are endogenously generated within the lower-level 

problem. 
The low-level problem (19)–(29) represents strategy of ag-

gregator i  for minimizing the energy purchase cost. Equa-

tion (24) enforces a constant indoor temperature of customers’ 

building to ensure comfort. t
n  is the dual variable on the 

equilibrium constraint, obtained from the high-level problem.  
The most common approach to solving the TLOP is to   

replace the sub-problems by their KKT conditions [22]. In this 
way, the TLOP can be written as a standard optimization prob-
lem. However, it requires the detailed parameters pertaining 
to aggregators’ energy consumption model when ISO runs the 
centralized energy dispatch program, as can be seen from its 
formulation. Considering that the aggregators can be in large 
number and widely distributed, it would be impractical for  
aggregators to send detailed energy consumption models to 
the ISO. Moreover, considering all the parameters is bound to   
increase the computation burden, it is necessary to modify the 
TLOP by simplifying the KKT conditions of the low-level 
problems. 

IV. SIMPLIFYING THE SUB-PROBLEMS’ KKT CONDITIONS  

As discussed above, a TLOP is presented in which aggre-
gators try to minimize their energy purchase cost under the 
constraint that their dispatch and price are determined by the 
centralized energy dispatch. Usually, the TLOP can be solved 
by representing the sub-problems with the KKT conditions. 
This paper try to linearize the sub-problems by linearizing the 
nonlinear constraints. After that, the KKT conditions of the 
sub-problems can be represented by a set of linear constraints, 
which are modelled as the energy demands as explicit linear 
functions of electricity price corresponding to the demand bid 
curves. In this way, the TLOP is transformed to a standard op-
timization problem, which requires aggregators to only submit 
a demand bid to run the centralized energy dispatch program.  

 In this section, reasonable assumptions are made for the 
simplification of the low-level problems. More specifically, 
the inequality constrains are linearized, making it possible to 

find the linear relationships between the energy demand 

,,t t
e,i h iL L  and electricity price in the KKT conditions. 

As aforementioned, the temperature distribution along the 
heating pipes can be expressed as: 

 
( )

( )

w

w

hl c m
in s a a

hl c m
out r a a

T T T e T

T T T e T

  

  
  (3) 

In practice, t
r w ihl c m   is very small. Using the equiv-

alent infinitesimal
0

1lime





  , (3) can be approximately 

written as[20]:  

 
( )(1 )

( )(1 )

t t t t
in s a w i a

t t t t
out r a w i a

T T T hl c m T

T T T hl c m T

   

   
  (30) 

Moreover, it is reasonable to assume that the rated water 
flow is determined by and proportional to the customers’ heat-
ing load, that is: 

 0, 0,
i i

set set t t
j j h j h j jj j

m m L L K
 

     (31) 

Following this assumption, the heat power balance con-
straint (24) can be expressed as  

 
, 0( ) ( 2 )

t
jt t t

j es j w s r j s r a h , jt
wi

m hl
L C T T m T T T L

Cm


 
      

  

 (32) 

Moreover, t
im is approximated as: 

 
i i i

t t t t set
i j j j av jj j j

m m R m R m
  

      (33) 

where   2avR R R  . 

Hence, (24) (25) and (26) are replaced by: 

 
, 0( ) ( 2 )

jt set t t
j es j w s r j s r a j h , j

av w

K hl
L C T T m T T T R L

R C


 
      

 

 (34) 

Since the nonlinear constraints in the low-level problem is 
linearized, the low-level problem is transformed to a linear op-
timization problem. The KKT conditions of the low-level 
problems therefore can be transformed to heat demand and 
electricity demand as explicit piecewise-linear functions of 
electricity price.   

To facilitate the understanding of the simplified optimal 

conditions, a case is illustrated where {1,2,3}j  . The opti-

mal strategy of the aggregator can be described as:  

,, , ,

1,2,3 0

1,2,3

, 0,

minimize

. . ( )

(T T )

0 , 1,2,3

, 1,2,3

t t t t
e,i h,i es j j

t t t
e e,i h h,i

L L L R

t t t
je,i es, j e , j

t t set
jh,i j j w s r

t t t t
j es j j j h j

t
j

p L p L

s t L L L

L R m C

L R L t j

R R R t j

 







 

 

     

    

 (35) 

where ( ) ( 2 )
jt set t

j s r w j s r a

av

K
T T C m T T T hl

R


 
     
 

  

The Lagrange function of the optimization problem is ex-
pressed as: 
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 (36) 

The KKT conditions then can be expressed as[23]: 

,

, , ,

0

0

for 1, 2,3 :

0

(T T ) 0

t t
e,i e e

t
h,i h h

t
es, j e eh j j
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L L p

L L p
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


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

     

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(37)    

Define
, ( ) set t

eh j j s r w j jT T C m    , and assume

,1 ,2 ,3eh eh eh    . The optimal electricity demand and heat 

demand of the aggregator derived from the KKT conditions 
are expressed in (38) and (39), respectively. 
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(38) 

where
0 0 1 0 2 0 3
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(39) 

The electricity demand described in graphical mode is 
shown in Fig.3 where the abscissa stands for the electricity 
demand 

,
t
e iL  and the ordinate stands for electricity price t

ep .  

 
As shown in Fig.3, the electricity demand is expressed in a 

decreasing piecewise-linear function of the electricity price 
corresponding to a demand bid curve [24]. 

Heat demand can be expressed in a manner analogous to the 
electricity demand as shown in Fig.4. A heat demand function 
is described in Fig.4, which is mathematically similar to the 
electricity demand, except the demand function increases as 
the electricity price increases.  

 
In this way, KKT conditions are represented as the electric-

ity demand and heat demand as functions of real-time electric-
ity price. As the electricity demand and heat demand functions 
guarantee the optimal solution for the aggregator, the aggre-
gator therefore can choose them as the demand bids for mini-
mizing the energy purchase cost. Moreover, it is no longer 
necessary for ISO to obtain the detailed energy consumption 
models of aggregators, since all the parameters pertaining to 
energy demand and operational constraints at the customers’ 
side are internalized in the demand bids. 

The TLOP is simplified to an extended OPF problem con-
sequently, which clears both heat and electricity and involves 
demand bids. The formulation can be expressed as: 

 

, , ,

1 1 ,
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 (40) 

Fig. 3. Electricity demand derived from the KKT conditions 
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Fig. 4. Heat demand derived from the KKT conditions 
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 The optimization problem is a joint heat and electricity en-
ergy dispatch model, involving many equality and inequality 
constraints. Among all the algorithms proposed for the solu-
tion of such an optimization problem, interior-point methods 
(IPMs) have shown good properties in terms of fast conver-
gence and numeric robustness. In this paper, the optimization 
model is solved using a primal-dual interior point solver called 
MIPS, for Matlab Interior Point Solver, which is derived from 
the algorithms described in [25].  

V. APPLICATION AND TEST RESULTS 

A. Test System and Scenarios 

A test system is introduced to illustrate the technique pro-
posed in this paper, in which the energy exchange happens at 
sub-transmission networks with voltage level in a range be-
tween 30KV and 60KV level. The system is developed from 
the 30-bus system [26] with six thermal power generating 
units (G1-G6), three wind farms (W1-W3) and three CHP 
units (C1-C3). The topology diagram of the electric part is 
shown in Fig.5.a. 

 
Customers’ maximum electricity demand can be found in 

[26] and it is assumed that the heat demand has the same max-
imum value. The capacity of each CHP unit is set as 100MW. 
At each node, the customers are connected to the DH network 
using heating substations. Moreover, the customers are aggre-
gated and there is one aggregator for every 500-kW customers. 
For instance, the total heat demand at bus 26 is 3.5MW, hence, 
there are 7 aggregators at this bus. The topology diagram of 
the district heating system at bus 26 is shown in Fig.5.b.  

 

The profiles of the hourly electricity demand (correspond-
ing to

0 0
t t
e ,i e , jL L  ), wind power potential, and heat demand 

(corresponding to 
0,

t
h jL ) are shown in Fig. 6. The electricity 

demand and heat demand profiles are derived from [27].  

 
The parameters for building the demand bids of aggregators 

and calculating the heat losses are shown in Table I[20]. 

 
Moreover, all the CHP units have a fixed heat-to-electricity 

ratio of 1.175. The economic parameters of the generating 

units are shown in Table II, where / /a b c  are the coeffi-

cients of the quadratic cost functions, i.e.  
2 2

e, e,( ) ( ) ( ) ( )t t t t t
gj e gj e gj e h h,gi h h,gi hC a G b G c a G b G c      ,

2
e, e,( ) ( )t t t

g i e gi e gi eC a G b G c    . 

 
To illustrate the effectiveness of the proposed technique, 

two scenarios (S1 and S2) are modeled: in S1, the flexibility 
in customers’ energy demand is not considered. Compared 
with S1, aggregators are in charge of controlling customers’ 
energy consumption behaviors and change their energy    
demand in response to the supply conditions in S2. In this sce-
nario, aggregators submit the demand bids to the ISO to par-
ticipate in the centralized energy dispatch program. In other 
word, the aggregators’ electricity demand and heat demand in 
this case are elastic and price dependent.  

G3G2 G4

1 2 5

3
4 6

7 8

28

27

30

29

242315

18

19

20

22
21

11

910

16 17

12

14

13

25

26

G1 W1 C1

W2

C2

C3

W3

G5

G6

 
Fig. 5.a. Topology diagram of the electric power system. 
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Fig. 5.b. Topology diagram of the district heating system. 

 

Fig. 6. Electricity and heat demand as well as wind power output. 
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TABLE I 
PARAMETERS OF HEATING NETWORKS 

Parameter Value Parameter  Value 

wC  4200 
nT  -9 

h 
0.25 R   

1 

l  
300 R  0.6 

sT  85 
1 2 3/ /K K K   0.2/0.3/0.5 

rT  60 
1 2 3/ /    0.8/0.85/0.9 

 

TABLE II 
ECONOMY PARAMETERS OF GENERATING UNITS 

Unit / /e e ea b c   / /h h ha b c  

G1 0.097/50/0 --- 
G2 0.097/50/0 --- 

G3-G6 0.03/100/0 --- 
C1-C3 0.015/95/0 0.015/95/0 

W1-W3 0 --- 
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The proposed model is applied over a 24-h horizon to the 
test system. Moreover, it is tested on a PC with Intel 2.4 GHz 
2-core processor (4MB L3 cache), 8 GB memory. The time 
consumed for simulation is about 0.63s-0.74s.The simulation 
results from the two scenarios are analyzed in terms of elec-
tricity price volatility, wind power accommodation and social 
welfare. 

B. Simulation Results 

1) Electricity Price Volatility 
The electricity prices from the two scenarios over the 24-

hour horizon are depicted in Fig. 7 (a), (b), respectively. More-
over, different DR participation levels are considered, which 
include 10% DR (10% of the customers are involved in the 
DR programs), 20% DR and 30% DR cases. The impact of the 
different- level DR on the electricity price is shown in Fig.7.b. 

As we can see in Fig. 7(a), the electricity prices in S1 fluc-
tuate widely, especially in weekdays when the electricity de-
mand waves more sharply. 

 

 
Compared with the electricity price shown in Fig. 7. (a), we 

can see that the DR programs contribute to reducing the vola-
tility electricity price. With the consideration of 10% DR, the 
electricity price fluctuation range is narrowed down to 54-
98$/MWh in weekdays and 63-98$/MWh in weekends. When 
the DR participation level increases to 30%, the electricity 
price fluctuation range is further narrowed down to 54-

70$/MWh in weekdays and 63-69$/MWh in weekends, which 
indicates that a lower volatility of the electricity price can be 
achieved in S2. Moreover, it can be seen that the time of peak 
electricity price can be reduced by the DR, and the effect can 
be more obvious with higher DR participation level. This is 
mainly due to the response of aggregators’ energy demand 
with the electricity price. Such response of the aggregator is 
shown in Fig.8. When the electricity is oversupplied due to the 
increased electricity production from the wind power, the 
electricity price can be relatively low and aggregator therefore 

may increases the electric heating ( t
es,iL ). Then, the aggregated 

demand for electricity increases while the aggregated demand 
for heat decreases. Therefore, CHP units can decrease the 
amount of heat and electricity produced. The increased elec-
tricity demand along with the decreased electricity production 
from CHP units raises the electricity price. During the peak-
hours, on the contrary, the decreased electricity demand to-
gether with the increased production of CHP units reduces the 
electricity price.  

 
2) Wind Power Accommodation 

For covering both the lower wind power output scenario 
and higher wind power output scenario, two cases are consid-
ered. The capacity of the wind farms is set as 47MW to model 
the 5% wind power penetration level in case 1, and the capac-
ity of the farms are set as 100MW to model the 10% wind 
power penetration level in case 2.   

 

Fig. 7(a). Electricity prices in S1. 
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Fig. 7(b). Electricity prices in S2. 

Fig. 8. Aggregators’ response with the electricity price. 
 

Fig. 9. (a). Wind power output in S1 and S2: 5% wind power. 
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The simulation results in terms of wind power accommoda-

tion are shown in Fig. 9. One observation from the results is 
that the wind power curtailment only occurs during off-peak 
hours in weekdays in 5% wind power case. To meet the cus-
tomers’ pre-determined and constant heat demand, CHP units 
have to remain on and generate a certain amount of electricity, 
which occupies part of the proportion of wind power genera-
tion. Since the wind power output in 5% wind power case is 
relatively low, there is no need of curtailment in most of the 
time. The other observation is that a severe curtailment hap-
pens when the wind power penetration level increases to 10% 
in S1. Moreover, in S2, the wind power curtailment can be 
mitigated remarkably. During the off-peak hours, the rela-
tively low electricity price makes customers shift the heat de-
mand to electric heating, leading to the decrease in the elec-
tricity production from CHP units and increase in electricity 
demand. Thereby, the wind power output can be fully utilized. 
3) Social Welfare  

The social welfare results in S1 and S2 are compared and 
shown in Table III.  

 
From Table III, we can see that the social welfare in S2 is 

much higher than that in S1. With the consideration of 10% 
DR, the social welfare in S2 increases by 405$/h and 192$/h 
in weekdays and weekends, respectively. In other word, the 
social welfare in weekdays increases by 7.8% and the social 
welfare in weekends increases by 3.2% if 10% of the custom-
ers participate in the DR programs. If 30% of the customers 
are involved in the DR program, the social welfare in week-
days further increases by 16.6% while the social welfare in 
weekends further increases by 6.7%. Moreover, given that the 
electricity demand fluctuates more drastically in weekdays 
than in weekends, we can draw the conclusion that the cus-
tomers’ flexible resources could be more valuable when there 

is a high volatility of electricity demand. The total social wel-
fare increase is calculated as 753,627 $ per year with the con-
sideration of 10% DR, assuming that only winter is taken into 
account. When the DR level increases to 20% and 30%, the 
total social welfare increases will further increase to 
1,213,885$ and 1,601,202$, respectively. The increase of the 
social welfare gives reasons to encourage the DR programs 
and offsets the investment cost of such DR programs.   
 

VI. CONCLUSIONS 

The inharmony between the variable wind power and the 
wide use of combined heat and power (CHP) has become a 
significant barrier to the efficient utilization of the wind power. 
A lot of researches have been conducted on increasing the 
flexibility of CHP based energy system, from the production 
and the network sides. This paper investigates the utilization 
of the customers’ flexible energy demand to provide addi-
tional balancing resources and release the inharmony between 
the variable wind power and the wide use of CHP. We find 
that the integration of heat and electricity systems provides 
multiple options to customers for fulfilling their energy de-
mand. The built-in flexibility in customers’ energy demand 
provides desirable flexible resources for maintaining the bal-
ance between energy supply and demand and achieving the 
efficient utilization of the wind power. 
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Fig. 9.b. Wind power output in S1 and S2: 10% wind power. 
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