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ABSTRACT In the day-ahead economic dispatch of combined heat and power systems, the electric power
system is adjusted in minutes because of the short dynamic time and the requirement of real-time power
balance, while the heating system is dispatched in hours due to its large inertia and long dynamic process.
However, the different dispatch time scales of electricity and heat are ignored by existing synchronous
dispatch methods, which limits the improvement of system efficiency. To address this challenge, in this
article, the asynchronous dispatch method is proposed and instantiated by two different dispatch models
featuring a short electric dispatch time scale and a long heat dispatch time scale. Case studies demonstrate
the asynchronous dispatch method can overcome the efficiency and reliability problems caused by the existing
synchronous dispatch methods.

INDEX TERMS  Combined heat and power system, different time scales, economic dispatch, dispatch

interval.
NOMENCLATURE C,G Electricity.price at perioq t.
A. ABBREVIATIONS CCi(pis,hiy) Cost fupctlon .Of CHP 1.1n1t.at energy
CHP Combined heat and power. source i at period ¢ which includes
DC Direct current. electric power terms.
CCi(hiy) Cost function of CHP unit at energy
source i at period t which does not
B. SETS include electric power terms.
E Set of electric buses. CGi1(pirt) Cost function of electricity purchase from
G Set of energy sources. the grid at energy source i at period .
H Set of heat nodes. CT; +(pit) Cost function of thermal generator at
Hg/HL, Set of heat source/load nodes. energy source i at period ¢.
In(i)/Lv(i) ~ Sets of pipelines injecting into/leaving from di; Electric load demand of bus i at period ¢.
node i. D, i/U,,; Downward/upward electric ramping
L Set of electric power lines. capacities of CHP unit at energy source i.
Py/P, Sets of pipelines in the heat supply/return Dp.i/Uni Downward/upward heat ramping
networks. capacities of CHP unit at energy source i.
Wi Set of elect.ric time periods Within the kg An integer coefficient that describes the
corresponding heat time period k. relationship between the electric and heat
dispatch intervals.
C. PARAMETERS AND FUNCTIONS Kiik kth coefficient defining the outlet
A; Cross-sectional area of pipeline i. _ temperature of pipeline 7 at period .
Byi.i/Ki.i/vki Coefficients of the kth boundary of the lit/lis Lower/upper electric line power limits of
feasible operating region of CHP unit at line / at period 7.
energy Source i. m:’ , Node mass flow of node i at period ¢.
Cp Heat capacity of water. m; Pipe mass flow of pipeline i at period ¢.
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El'G / 'lG Lower/upper limits of electricity purchase
from the grid at energy source i.

[_JIT ﬁiT Lower/upper limits of electric power output of
thermal generator at energy source i.

SF;j Shift factor of bus j to line i.

Atg /Aty Electric/heat dispatch intervals in the hybrid
model.

At Dispatch interval in the identical model.

Ng /Ny The last dispatch period in the electric power
system/heating system in the hybrid model.

N The last dispatch period in the identical model.

Ti‘ft Ambient temperature of pipeline i at period 7.

Tff’ Set temperature of energy source i at period ¢.

Zf.VS / TiN 5 Lower/upper limits of exchanger supply
temperature at node i.

ZﬁVR / TlNR Lower/upper limits of exchanger return
temperature at node i.

Ai Thermal conductive coefficient of pipeline i.

P Density of water.

n’_’Tw_ / ’7,-.C,_,- Jjth cost coefficients of thermal generator/CHP
unit at energy source i at period 7.

Yit/ Qi Time delays coefficients of pipeline i at
period 7.

Lc@) Corresponding heat node of energy source i.

D. DECISION VARIABLES
h¢ Heat power output of CHP unit at energy

source i at period ¢.

it

hi s Heat power output of energy source i at
period £.

pft / piTJ / pft Electric power outputs of CHP unit/thermal
generator/tie-line power at energy source i
at period ¢.

Dit Electric power output of energy source i at
period .

Tl{\;s / Ti{\ZR Exchanger supply/return temperatures of
node { at period 7.

T3 /TR Temperatures of node i at period 7 in
supply/return networks, after mixing.

rl.‘?tO / rfto Outlet temperatures of pipeline i at period ¢
in heat supply/return networks.

T Slo/ti/’lfo Outlet temperatures without heat loss of
pipeline i at period ¢ in heat supply/return
networks.

oo Inlet temperatures of pipeline i at period ¢ in
heat supply/return networks.

. INTRODUCTION

A. BACKGROUND AND MOTIVATION
OMBINED heat and power systems have been
deployed all over the world due to the high efficiency
and low carbon emission [1], [2]. However, it is challenging
to dispatch combined heat and power systems synchronously
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because it couples two energy systems with different time
scales: With the requirement of real-time power balance,
the electric power system is adjusted in minutes [3], whereas
the heating system has much higher inertia and is usually
adjusted in hours [4], [5].

Considering this different time scale characteristic, imple-
menting the synchronous dispatch method, which dispatches
the two energy systems with the same time scale, will lead to
the dilemma of the time-scale selection: a shorter time scale
will make the heating system difficult to dispatch effectively
and a longer time scale cannot satisfy the real-time changing
electric demand. Such a dilemma contradicts the motivation
of deploying combined heat and power systems. Therefore,
in this article, we propose the day-ahead asynchronous dis-
patch to incorporate the different dispatch time scales of
electricity and heat.

B. RELATED WORKS

For clarity, the related research papers are summarized into
3 types as shown in Table 1, which are divided according to
whether the different dispatch time scales and heat inertia are
considered.

TABLE 1. Summary of existing research papers.

Representative

Heating system
Type paper

Difterent dispatch

inertia time scales
1 [8] x
2 [13][14] v X
3 [19][24] Pending d

The first type does not consider the heat dynamic process
as well as the different time scales of electricity and heat.
For example, papers [6]—[8] propose to operate the combined
heat and power system following the electric dispatch time
scale by assuming the heating system can reach steady-state
in minutes. Although the inertia of the heat exchanger is
considered, the dynamic process of the heating network is still
neglected in [9]. Moreover, even for the short-term economic
dispatch, the heating system is assumed to be adjusted as fast
as the electric power system [10], [11]. Admittedly, ignoring
the different time scales and heat inertia is an effective way
to simplify the economic dispatch model. However, a part of
dispatch commands may not be executed in practice because
of the slow response of the heating system whose dynamic
process varies from dozens minute to several hours [12].

As an improvement, the second type of research papers
considers the heating system inertia, but it still ignores differ-
ent dispatch time scales of electricity and heat. For instance,
Lietal. [13], Lin et al. [14], and Yang et al. [15] use the heat
pipeline inertia to accommodate more renewables. Building
heat inertia is considered in [16] to provide additional flexibil-
ity. Also, some research papers adopt the variable mass flow
to increase the system flexibility such as [17]. Unfortunately,
these papers all assume the heating system can respond to
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dispatch commands as fast as an electric power system, which
may not be valid in reality.

To address the above problems in existing day-ahead
synchronous dispatch methods, researchers propose hier-
archical dispatch frameworks according to the adjustment
time scales of different devices [19]-[23]. However, these
research papers still use the synchronous method in each
layer, which may leave power mismatches to the next dispatch
layer. Recently, Gu et al. mentioned advantages of the asyn-
chronous dispatch method which allows the different dispatch
time scales of electricity and heat [24] in day-ahead economic
dispatch. However, the optimization model and the necessity
of using asynchronous are not addressed in [24].

C. KEY CONTRIBUTIONS
This article proposes the day-ahead asynchronous economic
dispatch for combined heat and power systems, which incor-
porates different dispatch time scales of the electric power
system and the heating system. The asynchronous dispatch
method is instantiated by two models, a hybrid model and an
identical model, where the hybrid model has higher calcula-
tion efficiency, and the identical model can be extended to
deal with exceptional cases such as special dispatch intervals
and multiple CHP units with different adjustment time scales.
This article also studies the factors influencing the perfor-
mance of the asynchronous dispatch as well as drawbacks of
the synchronous dispatch. In the case simulation, the influ-
ence of dispatch intervals on overall costs and calculation effi-
ciency is studied. Then we use two cases to illustrate why the
existing synchronous dispatch method either has problems
in efficiency or fails to ensure reliability, which demonstrate
the necessity of using the proposed asynchronous dispatch
method.

D. ORGANIZATION OF THE PAPER

The remainder of this article is organized as follows.
In Section II, the hybrid model for asynchronous dispatch is
formulated. Section III presents the identical model to realize
asynchronous dispatch. In Section IV, case studies demon-
strate that the hybrid model and the identical model have
the same solutions, and the influence of dispatch intervals
is studied. Also, the advantages of using the asynchronous
dispatch method are presented in Section IV.

Il. HYBRID MODEL

As shown in Fig. 1, in the hybrid model, variables in the
two energy systems have different time scales: The electric
power system has a shorter dispatch interval Arg, while the
heating system has a longer dispatch interval Aty . Generally,
considering Ng > Ny, the constraints of the heating system
are less than the electric power system.

A. OBJECTIVE FUNCTION

We assume an energy source may include a thermal generator,
a CHP unit, and a tie-line connected to the main grid. For
clarity, we use p; ; = pft +p{t +pft and h;; = hft to indicate
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FIGURE 1. The illustration of dispatch commands in the hybrid
model.

total electric and heat power outputs at energy source i. For
example, if an energy source only has a thermal generator,
then its p¢, = p¢, = 0, and h;; = h¢, = 0.

The objective function of the hybrid model is to minimize
the total generation costs of all energy sources at all time
periods:

min f

T H C ;C
Py PipPiohiy

Ne
= Z Z [CTi,t(p;'l:[) + Clet(plI:l[):I A[E

ieG t=1

Ng Ny
+ Z |:Z CCi,Z(pfﬂ hft)AtE + Z CCi,l(hEt)AtH:|

ieG Li=1 =1
(H

The cost functions of thermal generators and CHP units
at energy source I are expressed using quadratic functions of
electricity and heat productions [17]:

2
CTiupl) = nlyo+nlphr + s (P1) @

2
c c .c c c c C,C
CCit = iy 0+ i 1Pi + it (Pi,r> + 1y sPithis

CCir(p€,hE))

2
¢ ¢ .C (i
i 3hiy + i a (hi,t> S

CCis(hE))
The cost function of the electricity purchase from the main
grid is:
CGi(piy) = CEpy, @)

B. ELECTRIC POWER SYSTEM CONSTRAINTS

In the electric power system, the DC power flow model
is used. The real-time electric power balance is required
between the generation side and the load side:

Y piu=Y diy t=1,2...Ng (5)

ieE i€cE

If a bus does not have an energy source, then its p; ; = 0.
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FIGURE 2. The physical model of the heating system.

The electric line power is calculated by:

liy=) SFij-(pju—di)VieL, t=12,...Ng (6)

JjeE

The electric line power should be below its thermal
limitation:

lig <> SFij-(jy—di) <Li,MieL, t=12..N

JeEE

(N

C. HEATING SYSTEM CONSTRAINTS

In the heating system, we assume the medium is hot water,

and the mass flow is the given value. These assumptions are

widely adopted in the literature such as [13], [16], and [25].
The node gets heat power through the heat exchanger

between the supply and return networks:

iy = cpml (T —TN®) VieH, t=1,2,...Ny, ©8)

For clarity, the relationship between different heat variables
is shown in the physical model in Fig. 2.

In the heat supply network, for load nodes TNS Tft.
For source nodes Tlst is calculated using (12). Slmilarly,
in the heat return network, for load nodes Tft is calculated
using (13). For source nodes TNR TR,

To ensure the heat exchanger working conditions,
the exchanger supply and return temperatures must satisfy:

t=1,2,...Ny (9
t=1,2,...Ny (10)

™S5 <1V <TM vieH,

TR < TNR < TR vieH,

To prevent the heat pipeline storage from being exhausted,
the generated heat energy cannot be less than the load heat
energy within scheduling periods:

Nu
Do\ D hie =D his|Am =0 (1)

t=1 \i€eHg ieH
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The node temperature mixing equations are applied to
calculate node temperature using the pipe outlet temperature:

n . S
Michg,: T ijyt i,

_ NS
- (mIEHG tTZEHG t) +

Vie H,je PsNn(i),

)
ij,,rj’,
J

t=1,2,...Ny (12

teHLt+ijf lt

_ NR
- (mlEHL ITIEHL t) +

Yie H,je PgNInG),

ij’tfjlfto
J
t=1.2... Ny (13

The pipe inlet temperature equals the temperature of its
connecting node:
P =T3jePsNL H,
T, =T;,j €Ps v(i),i €

N =Tfje PROLVi).icH,

t=1,2,...Ny (14
t=1,2,...Ny (15)

The pipeline outlet temperature without loss is calculated
by the method in [17]:

1=Yit
7y = Z Kioxtig¥i € Ps, t=1,2,...Ny (16)
k=t—@;,
I—Yiz
‘L’l/’lfo = Z Kz,t,kfl{e]gVi [S PR! = 1’ 2’ . 'NH (17)
k=t—g@i,

For the details of coefficient K;; ; and integer intermediate
coefficients y; ; and ¢; ;, see [17].
Then the pipeline heat loss is considered:

AiAty
‘E _ Ta _L,/SO T9) x e _ ’
+( T xexp| =4 (vie
+1+ St = Ris )]VEP t=1,2,...N,
L . i S, =1,2,...Ng
2 mi¢— y”AtH
(18)
riAtL
0 _ TS + (T/RO —T{,) x exp [ i (Vi
iPCp
l Sit _R
+_+’— ViePr, t=1,2,...Ny
2 mlt VItAtH
(19)

D. ENERGY SOURCE CONSTRAINTS

1) COMBINED HEAT AND POWER UNITS

The feasible regions of different CHP units are shown
in Fig. 3 (a) and (b) and described by polytopes in equa-
tion (20) and (21), respectively [13], [26]. Different from
extraction condensing CHP units, the electric and heat power
outputs of back-pressure units have a linear relationship.
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Biapii+Kiahy <via

@ ()

FIGURE 3. The feasible regions of the (a) extraction condensing
and (b) back-pressure CHP unit.

Therefore, the electric power output of back-pressure units
follows the time scale of the heating system:

t=1,2,...Ne  (20)
t=1,2,...Ny (21

C C .
Bk,ipi,t + Kk,ihi,t < 1,VieG,
C C .
Bk,ipi,t + Kk,ihi,t = Vi € G,

The ramping constraint indicates the increment or decre-
ment of the source power outputs within a single period must
not exceed the ramping capacity:

D~ Atp <pS—pS, 1 <Uei- AtpVieG, 1=2,3,...Ng
(22)

Dpi- Aty < hi(,jt_hft—l <Upi-AtgVieG, t=2,3,...Ng
(23)

Moreover, the CHP unit supply temperature is usually set
by operators:

TN =TX'Vie G.j=T¢(), t=12,...Ng (24

2) THERMAL GENERATOR AND MAIN GRID

Since the thermal generator and the main grid do not generate
heat, they follow the electric time scale. The electric power
outputs of the thermal generator and the tie-line at energy
source i must satisfy (25), while the thermal generator must
satisfy ramping constraints (22).

p’ <p <piVieG, 1=12,..Tg
BirfpztfﬁiTVieG, t=1,2,...Tg (25)

lll. IDENTICAL MODEL

Another asynchronous dispatch model is called the identical
model. As shown in Fig. 4, the two energy systems both adopt
the electric dispatch interval, i.e., At = Atg.

To deal with the long dispatch time scale of the heat-
ing system, additional equality constraints (yellow blocks
in Fig. 4) are added to guarantee the heat decision vari-
ables are invariant during each Ary. With these additional
constraints, an asynchronous dispatch can be realized that
satisfies the different adjustment abilities of the two energy
systems. Compared with the hybrid model, the identical
model has more constraints but the same solution, which is
verified in case studies.

A. OBJECTIVE FUNCTION

The objective function of the identical model minimizes
the total generation costs of all energy sources at all time
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FIGURE 4. The illustration of dispatch commands in the identical
model.

intervals:

min
T H C 1C
PioPipPihi

N
= Y2 [ereln+ i ar

ieG t=1
N

+ 3 2 [ il mS + cctndn] ar o)

ieG t=1
Substitute Aty = kg - Atg = kg - At into (1), equation (26)

equals (1). For special circumstances, see Appendix.

B. ELECTRIC POWER SYSTEM CONSTRAINTS
In the electric power system, the constraints of the identical
model are the same as those in the hybrid model:

Zpi,t = Zd,;,t =1,2,...N 27)

ieE ieE

lig=) SFij (i —di)¥ieL, t=12,..N (28
JjeE

L, <Y SFij-(ju—di) <l ¥VieL t=12,...N
JeE

(29)

C. HEATING SYSTEM CONSTRAINTS
In the heating system, the heat node constraint is:

NS NRy\\/:
hiy = CPm?,t(Ti,t —T,;)VieH,

t=12,...N (30)

In the heat supply network, for load nodes Tl{fs = Tl-*?t.
For source nodes Tft is calculated using (35), where t =
1,2,...N. In the heat return network, for load nodes Tilft is
calculated using (36). For source nodes T;XR = Tl.lft, where
t=1,2,...N.
The heat exchanger supply and return temperatures of node
i at period ¢ should satisfy:
<15 < TV vien,
M <M < TR VieH,

t=1,2,...N @3
t=1,2,...N (32
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Also, we have pipeline storage constraint:

N
S D hie =D hia
=1

i€eHg ieH

At >0 (33)

Moreover, additional equality constraints are added to
ensure heat power within each Aty is invariant:

hi,t:hj’tViGH,t,jEWk, k=1,2,...Ny (34)

The node temperature mixing equations are:

zeH(;t+§:me ll

_ NS
- (mIGHG tTIEHG t) +

Vie H,je PsNIn(),

n . R
Micg, + T § :m/,t Ty
j

= ( IGHLI IGHL t)

VieH,]ePRﬂIn(z),

Z _ SO
m/,tfj,z
J

t=1,2,...N (35

Zm,,
t=1,2,...N (36)

The pipe inlet temperature equals the temperature of its
connecting node:

'L'JS{ TtJEPSﬁLV(l)ZGH t=1,2,...N (37)
rjﬁl TIJEPRﬂLv(l)leH, t=12,...N (38)

The pipeline model equations are:

1=VYit
5= Y KuatiViePs, t=12...N (39
k=t—q;,
—VYit
Ti/,iteo _ Z Ki’t’kff]gw ePr, t=1,2,...N (40)
k=t—oi,
AiAty
SO /SO a !
Y = T —T%) xexp|— ]
it + ( l,t) p |: AipCp (Vz,t
1 Sit - R
TR L LU YViePs, t=1,2,...N
2 mi,l—y,tAtH
41)
Mty
RO /RO a L
/ —T: - i
T, =T + (] i) X exp[ A, ()/z,t
1 Sit —Ris
_|___|_— ViePr, t=1,2,...N
2 mj ¢— Vi, [At]-]
(42)

where K s k, @i+, Vit Sit» and R; ; are calculated according
to [17].
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D. ENERGY SOURCES CONSTRAINTS

1) COMBINED HEAT AND POWER UNITS

In the identical model, the CHP constraints are:
Biipf, + Kiihf, < vi¥i € G,
Biipf, + KiihS, = v,iVi € G,

t=1,2,...N (43)
t=1,2,...N (44

The ramping constraints of CHP units are:

Deji- At <pS,—pf,_1 < Uei-AtVieG, t=2,3,...N
(45)
Dyi- At <hS, —h$,_| < Upi-AtVie G, 1=2,3,...N
(46)

The supply temperature of the CHP unit must satisfy:

TN =TX'Vie G, j=Tg@), t=1,2,...N (47

2) THERMAL GENERATOR AND MAIN GRID
The electric power outputs of the thermal generator and the
main grid at source i must satisfy:

PG<piGt <13:G VieG,

p; <p”<pT Vie G,

t=1,2,...N
t=12,...N (48)

At the same time, the thermal generator must satisfy the
ramping constraint (45).

IV. CASE STUDIES

The case studies address the following questions: 1) Do the
two proposed asynchronous dispatch models produce the
same solution? 2) Does the heat dispatch interval influence
the results? 3) Is it necessary to use the asynchronous dis-
patch method since we already have the synchronous dispatch
method?

The simulations are performed on a laptop with 2.80 GHz
CPU and 16GB memory. Programs are coded using Matlab,
and the toolbox YALMIP is used as a socket between Matlab
and solvers CPLEX.

A. COMPARISON OF THE TWO ASYNCHRONOUS
DISPATCH MODELS

This simulation addresses question 1: whether the hybrid
model and the identical model produce the same solution.
As shown in Fig. 5, the validation is based on a practical
combined heat and power system in a city situated in North-
east China, which incorporates a 19-bus transmission-level
electric power system and a 69-node heating system whose
total pipeline length is about 90 km [27]. The system has
1 CHP unit at heat node 1 as well as 2 equivalent heat
sources at heat node 37 and 67, respectively. For simplicity,
the above 3 sources are named as CHP 1, CHP 2, and CHP 3,
respectively.

In the economic dispatch, the electric dispatch interval is
15 minutes, and the heat dispatch interval is 60 minutes. Thus,
in the hybrid model, Atg = 15 min and Aty = 60 min. In the
identical model, At = 15 min.
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FIGURE 5. The structure of the combined heat and power system
in a city in Northeast China.
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FIGURE 8. The node exchanger (a) supply temperature and
(b) return temperature in the heating system.

450 100 TABLE 2. Computational efficiency of the hybrid model and the
PN P identical model.
= —e— CHP1,Hybrid = g0
§ 350 —4— CHP2,Hybrid =3 —e— CHP1,Hybrid N N
< —=— CHP3,Hybrid 5 —a— CHP2,Hybrid Model Hybrid model Identical model
3 == CHP1.dentical £ 60 —=— CHP3,Hybrid 5 S
2 2eo 72 CHP2identcal 3 e CHP1 Identical Overall cost (§) 6.72x10 6.72x10°
= - Identical | 4 [ —_— entical .
g g 40 it Variable number 14946 54618
= 150 2 Total CPU time (s) 21.30 72.79
Q |53
T W g YALMIP time (s) 1053 3327
s o Solver time (s) 10.77 39.52
0:00 6:00 12:00 18:00 24:00 0:00 6:00 12:00 18:00 24:00
Time Time Main CHP S.up;?ly Retu_rn Rt Elgctric . Heat
(a) (b) grid unit pipeline pipeline line node
o= TTTTs S~ Electric
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FIGURE 6. The (a) electric power and (b) heat power outputs of Noden “
CHP units in the hybrid model and the identical model. (source) \u/——-'"{;—\;\ fij oo m e v
@Nodez\\ ‘\'J Node 3 [~ Node 4
< fload) \ @ (load) ® (load)
E Electric power output of thermal generator e \
\%200 T T T T T @ ! @
%150 Nodes | | ! Nodes
5 100 fload) | {load) |
2 —e— Hybrid model LemTTTTTTT R '/
s +
2
g o ‘ ‘ ‘
w o 0:00 6:00 1T2f°° 18:00 2400 FIGURE 9. The topology of the test combined heat and power
ime

FIGURE 7. The electric power generated by the thermal generator.

Obviously, from the results shown from Fig. 6 to Fig. 8§,
the hybrid model and the identical model have the same
solution. This phenomenon is more apparent in Fig. 8, where
the supply and return temperatures at heat node 6 have no
difference between the two asynchronous models. The reason
is that the additional equality constraints in the identical
model ensure the heat power outputs are invariant during
each Ary.

If we look at Fig. 6 carefully, the back-pressure CHP unit at
heat node 1 adjusts its electric and heat power outputs every
60 minutes even if it has the ability to adjust electric power
every 15 minutes. This is caused by the linear relationship
between electric and heat power outputs: the slow adjustment
of heat power limits the fast adjustment ability of electric
power. As a result, the fast-changing electric load is satisfied
by the thermal generator as shown in Fig. 7 because the elec-
tricity price is higher compared with the cost of the thermal
generator. This result illustrates in a combined heat and power
system, although an electric-heat coupling device (here is the
back-pressure CHP unit) has the fast adjustment ability for

VOLUME 7, 2020

system.

the electric variables, if the electric and heat power outputs
are tightly coupled, the slow adjustment of heat variables
may restrict its fast adjustment ability. Therefore, additional
flexible electric sources are needed to maintain the electric
supply-demand balance even if the capacities of electric-heat
coupling devices are enough for the electric load.

The computational efficiency of the two methods is sum-
marized in Table 2 where the YALMIP time indicates the
CPU time consumed by YALMIP to upload the objective
function and constraints, and the solver time indicates the
CPU time consumed by the solver to solve the optimization
program. The identical model consumes more CPU time
than the hybrid model due to more constraints and decision
variables.

B. PERFORMANCE UNDER DIFFERENT DISPATCH

INTERVALS

This case addresses question 2: How the heat dispatch interval

Aty influences the results of the asynchronous dispatch.
The simulations are based on the combined heat and power

system in Fig. 9 [17], which incorporates a 6-bus electric

power system and a 6-node heating system with a CHP unit
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FIGURE 10. The sum of electric and heat loads of the test system.
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FIGURE 11. The (a) overall costs and (b) total CPU time under
different Aty.

and a thermal generator. The power system can purchase
electricity from the main grid through the tie-line. The sums
of electric load and heat load are shown in the orange and blue
curves in Fig. 10, respectively, where the load at node (bus)
3 is the residential load and the loads at other nodes (buses)
are industrial loads. The dispatch intervals of the electric
power system and the heating system are 15 minutes and
60 minutes, respectively.

As shown in Fig. 11 (a), when increasing the heat dispatch
interval, Aty, the total generation cost experiences a slight
increase (<2%) because the adjustment flexibilities of CHP
units and the heating network are restricted by the long heat
dispatch intervals. Since the heat power within Aty may not
be satisfied, the total costs decrease when Aty = 3 hour and
Aty = 12hour. In brief, under given conditions, changing
Aty under the given conditions will not have a significant
influence on overall costs.

As shown in Fig. 11 (b) the CPU time of solving the
hybrid model is much less than the identical model. With Aty
increasing, the CPU time of the hybrid model is decreasing,
while that of the identical model is increasing as a result
of constraint numbers: The total dispatch time (24 hours)
does not change when heat dispatch interval Azy is longer,
so there are less heat constraints in the hybrid model but more
constraints in the identical model due to adding more equality
constraints. Thus, when Aty becomes longer, the computa-
tional efficiency of the hybrid model increases while that of
the identical model decreases.

Moreover, this case simulation provides a supportive
answer for question 1: under different Aty , the hybrid model
has the same solution as the identical model. For example,
in Fig. 12, the result of the exchanger supply temperature
at heat node 6 clearly demonstrates that the temperatures
calculated by the two asynchronous models are the same.
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FIGURE 12. The node exchanger supply temperature of heat
node 6 under different Aty.

C. NECESSITY OF USING ASYNCHRONOUS DISPATCH
Two cases are simulated to demonstrate the necessity of using
the asynchronous dispatch method rather than the existing
synchronous dispatch method, which ignores the different
dispatch time scales of electricity and heat.

The simulations are based on the topology and data
in Fig.9, where the dispatch intervals of the electric power
system and the heating system are 15 minutes and 60 minutes,
respectively. This setting means if a new dispatch command
is not 60 minutes later in the heating system than the last
dispatch command, it cannot be executed in practice because
the heating system with large inertia cannot respond so fast.

1) COMPARISON WITH SYNCHRONOUS DISPATCH WITH
HEAT DISPATCH TIME SCALE

In the synchronous method, one idea to deal with the different
dispatch time scales of electricity and heat is to adopt a
conservative manner: Let the electric power system follows
the longer heat dispatch time scale, i.e., Atg = 60 min where
Atg is the dispatch interval in the synchronous method. Thus,
both the electric power system and the heating system can
execute all dispatch commands.

On contrast, in the asynchronous method, Atz = 15 min
and Aty = 60min. The key given conditions and results are
summarized in Table 3: where the ““total electric unbalanced
energy’’ indicates the sum of the absolute value of electric
unbalanced energy.

Under the above conditions, the asynchronous and syn-
chronous methods all find the global optimums and success-
fully satisfy the heat loads. For example, heat power outputs
and temperatures of the two dispatch methods have the same
results as presented in Fig. 13 and Fig. 14, respectively.

However, as shown in Fig. 15 (a) and Table 3, the syn-
chronous dispatch fails to satisfy the electric load: The power
balance between the generation side and load side is not sat-
isfied for 18 hours in a day, and the total unbalanced electric
energy is 14.3MWh as presented in the grey block of Table 3.
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TABLE 3. Comparison of asynchronous dispatch and
synchronous dispatch under At = 60 min.

Electric power difference

Generation-load unbalance rate

Methods Asyl?chronous Syn'chronous
dispatch dispatch
Electric dispatch interval (min) 15 60
Heat dispatch interval (min) 60 60
Total electric load (MWh) 379.4 379.4
Total electric generation
379.4 378.8
(MWh)
Total electric unbalanced
0 14.3
energy (MWh)
Total heat load (MWh) 429.8 429.8
Total heat generation (MWh) 431.7 431.7
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FIGURE 15. The (a) electric power difference and (b) electric
power unbalance rate between the generation side and the
load side.
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FIGURE 13. The (a) electric power and (b) heat power outputs of
the CHP unit in asynchronous dispatch (asynchronous) and
synchronous dispatch (synchronous).
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FIGURE 14. The node exchanger (a) supply temperature and
(b) return temperature of node 6 in the heating system.

By calculating the electric power unbalance rate between the
generation side and the load side r = |(pi; —d; ) /di | x
100% and plotting it in Fig. 15 (b), we find the synchronous
dispatch presents a large generation-load unbalance rate. For
example, at 17:15, about 35% of electric load power is not sat-
isfied, and at 3:15, 5:15, and 6:15, it has about 30% generation
surplus. The reason for the synchronous dispatch’s failure
is that the dispatch interval Af is so large that the electric
load within Ar cannot be satisfied. Thus, in the day-ahead
synchronous dispatch, selecting a dispatch interval Ar based
on the heat dispatch time scale can lead to the break of the
electric generation-load power balance. As a result, intraday
dispatch and real-time dispatch have to give up the most
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FIGURE 16. The (a) electric power and (b) heat power outputs of
the CHP unit.

efficient plan to eliminate the unbalance power in the day-
ahead dispatch. In contrast, the proposed asynchronous
method can satisfy both electric and heat demands success-
fully without any violation as shown in the orange curves
in Fig. 15.

In brief, compared to the synchronous method following
the heat dispatch time scale, the proposed asynchronous
method eliminates the electric generation-demand unbalance
and improves system efficiency by allowing the electric
power system follows its fast adjustment time scale.

2) COMPARISON WITH SYNCHRONOUS DISPATCH WITH
ELECTRIC DISPATCH TIME SCALE

In the synchronous method, another idea of dealing with
the different dispatch time scales is directly let the electric
power system dominate the heating system, which indicates
the heat dispatch time scale is required to follow the electric
dispatch time scale. Thus, in this case, Atg = 15 mineven if
the heating system cannot respond to the commands so fast.
Under this condition, practically the heating system cannot
execute all but a part of dispatch commands due to its large
inertia.

As shown in Fig. 16, we can see three curves named
Asynchronous, Synchronous (ideal), and Synchronous (prac-
tical) which are the abbreviations of the asynchronous
method, synchronous method adjusting the heating system
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TABLE 4. Comparison of the asynchronous method and the
synchronous method under Af = 15 min.

Asynchronous ~ Synchronous  Synchronous
Methods . .
method (ideal) (practical)
Electric dispatch

. . 15 15 15

interval (min)

Heat dispatch interval
. 60 15 60
(min)

Successfully solved Yes Yes No
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]
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FIGURE 17. The node exchanger (a) supply temperature and (b)
return temperature of node 6 in the heating system.

every 15 minutes, and synchronous method adjusting the
heating system every 60 minutes in practice. More precisely,
the result of Synchronous (practical) is a result of implement-
ing Synchronous (ideal) in practice.

As shown in Table 4, both asynchronous dispatch and
the Synchronous (ideal) find the global optimums while the
Synchronous (practical) is an infeasible problem.

To study the infeasibility problem of the Synchronous
(practical), we relax the optimization program by allowing
the heat exchanger temperature limits and the CHP set tem-
perature constraints to be broken. After that, the optimiza-
tion program can be successfully solved, whose result is
marked as ‘““Synchronous (slacked practical)” in the yel-
low curves with blocks in Fig. 17. This result shows that
if we let the fast electric power system dominate the heat-
ing system and directly implement the dispatch commands,
the heat exchanger supply temperature is approaching 120°C
as shown in Fig. 17 (a), which indicates the hot water
becomes steam. As a result, the heat exchangers will not
work at a normal state and probably have serious prob-
lems, which threatens the reliable operation of the heating
system.

In contrast, as shown in the orange curves in Fig. 16 and 17,
the asynchronous dispatch method can be successfully solved
and implemented in practice with all constraints satisfied
because the different dispatch time scales of the electric
power system and the heating system are incorporated.

In brief, if we use the synchronous method and allow the
electric power system to dominate the heating system in terms
of dispatch time scale, the dispatch commands are infeasible
to be executed in practice. This problem can be overcome by
the proposed asynchronous method.
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V. CONCLUSION
In this article, two asynchronous economic dispatch models,
i.e., hybrid model and identical model, are proposed for com-
bined heat and power systems to incorporate different dis-
patch time scale of electricity and heat. In the asynchronous
dispatch, with the heat dispatch interval increasing, the total
CPU time of the hybrid model is decreasing while that of
the identical model is increasing, but the calculation results
of the two models hold the same. From the comparisons
in case studies, the existing synchronous dispatch method
either has problems in efficiency due to leaving electric power
unbalance to the next dispatch layer or becomes infeasible
to implement in practice because of breaking security con-
straints. Therefore, it is essential to adopt the proposed asyn-
chronous dispatch method when the electric power system
and the heating system have different dispatch time scales.
Based on the proposed asynchronous dispatch method,
there are some interesting directions open for future study.
For example, how to determine the optimal dispatch intervals
if we have multiple CHP units operating in parallel is a
note-worthy topic. Moreover, how to implement the asyn-
chronous dispatch in the background of electricity market is
another important but challenging point.

APPENDIX

The appendix discusses two circumstances: 1) How to revise
the identical model if kg is not an integer? 2) How to dispatch
multiple CHP units with different adjustment time scales?

A. SPECIAL DISPATCH INTERVALS

In the identical model formulated in Section III, we assume
the heat dispatch interval is multiple of the electric dispatch
interval,i.e., Aty = kg-Atg = kg-At. This assumption holds
in most cases because in the day-ahead economic dispatch,
the electric dispatch interval is 15 minutes, and the heat
dispatch interval is in hours [4], [S]. However, in some special
cases, this assumption is not satisfied. To deal with these
special cases, we select the least common multiple Atyyp of
Atg and Aty :

Atg = kg - Atpyp (49)
Aty = kig - Atpyp (50)

where k; p and kry are integer coefficients. Then we let
At = Atpyp in the identical model and give equality con-
straints to guarantee the variables during each Afg and Arg
are invariant. As a result, even if the Aty is not multiple
of Atg, we can still realize the asynchronous dispatch.

B. MULTIPLE CHP UNITS WITH DIFFERENT ADJUSTMENT
TIME SCALES

If a combined heat and power system has multiple CHP
units with different adjustment scales, we can still use the
method in Appendix A. First, let the dispatch interval in
the identical model equals the least common multiple of the
adjustment time scales of different CHP units. Second, give
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equality constraints to ensure each CHP unit’s electric and
heat outputs are invariant during its own dispatch interval.
By taking the two steps, the system operator can implement
the asynchronous dispatch where different CHP units have
different adjustment time scales.
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