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ABSTRACT The multi-energy system (MES) is believed to have bright prospects in the future for its
advantages of high energy efficiency, flexible operation condition, and environmentally friendly. The heating
network and the heat load play an important role in the MES and have great potentials in improving the system
performance. In this paper, an optimal planning method is proposed for the MES that considers the thermal
storage capacity of the heating network and the heat load. The objective includes the investment cost, the fuel
cost, the grid cost, the maintenance cost, and the environmental cost. The constraints of the cogeneration,
the heating network, and the heat load are all taken into consideration. The simulation based on the typical
working conditions in annual operation is performed to verify the effectiveness of the proposed planning
method. Four cases are set in order to comprehensively investigate the effect of the thermal storage capacity
of the heating network and the heat load on the MES planning. The results indicate that the proposed method
can decrease the capacity of the devices and reduce the fuel cost.

INDEX TERMS Heat load, heating network, multi-energy system (MES), optimal planning, thermal storage

capacity.

I. INTRODUCTION

Energy is an important foundation for the development of
human society and constructing an efficient, clean, and sus-
tainable energy system is a crucial problem faced by human
being at present. Compared with traditional separated energy
system, the multi-energy system (MES) is a kind of energy
system that integrates multi kinds of energy carrier and pro-
vides energy service for different kinds of demand, which
has many advantages including high energy efficiency, flex-
ible operation condition, environmentally friendly and so
on [1]-[3]. Therefore, the MES is believed to have bright
prospects in the future [3]-[5]. At the distribution level or
the microgrid level, the most common form of the MES
is the integrated heat and power microgrid, which consists
of the cogeneration system, the heating system, and loads.
For the integrated heat and power MES, the most basic and
core issue to improve the energy efficiency and the economic

performance is to realize the coordinated planning of electric-
ity and heat [6]-[10].

At present, many researches on the planning of the MES
have been conducted and the focus include the system struc-
ture optimization, the capacity configuration of the units, and
the configuration of the energy storage system and so on.
In [10], both the structure configuration and the capacity
configuration are combined in a generic planning frame-
work of the smart MES and a mixed-integer linear pro-
gramming (MILP) based planning model was proposed to
minimize the cost of the smart MES. In [11], a novel opti-
mization model of the hybrid energy storage system was pro-
posed for the combined heat and power (CHP) system, where
the state of charge, the current, and the capacity of the hybrid
energy storage system were comprehensively taken into con-
sideration in the optimization model. In [12], an novel optimal
design model was proposed for a MES that involves seasonal
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energy storage and the proposed methodology allows taking
to consideration a year time horizon with hour resolution so
that the complexity of the problem can be greatly reduced.
In [13], a bilevel model construction method is proposed
for the configuration of the combined cooling, heating, and
power (CCHP) coupled MES and a CCHP coupling MES
optimization toolbox based on the sequential quadratic pro-
gramming and feedback correction method was developed in
a Matlab environment.

Howeyver, the concentrations of the above researches are
limited to the planning cogeneration system. As important
parts of the MES, the heating network and the heat load
play important role in coordinating the heat and power pro-
duction and thus have great potentials in improving the per-
formance of the MES [14]-[19]. The heating network links
the cogeneration system with the heat load and its physical
characteristics including the transmission delay, heat loss,
and thermal storage capacity have important influence on
the operation of the MES. In [20], a simplified model was
established for heating network that ignored the transmission
delay and based on that the effect of the heating network on
the operational cost of the MES was researched. The results
showed that the operational cost of MES can be reduced
by the utilization of the heating network. In [21], a multi-
objective optimization model considering the energy and
economic performance was proposed for the design of the
CHP-heating network system. On another hand, the flexibil-
ity of the heat load brings itself thermal storage capacity and
provide considerable flexible space for the heating supply
so as to provide ignorable improvement potential for the
planning and operation of the MES [22]-[25]. In [26], an inte-
grated demand response (IDR) concept was proposed that
combines the electrical load response and the heating/cooling
load response, and the simulation results indicated that the
IDR programming can improve the economic performance of
the energy hub. In [27], a daily dispatching model was pro-
posed for a building MES where the room temperature control
is applied to determine the flexible heat demand. In summary,
the characteristics of the heat load have been researched for
the MES mainly from the viewpoint of operation.

Above all, the thermal storage capacity of the heating
network and the heat load has great potentials in improving
the economic and environmental performance of the MES.
Although the coordinated dispatch of the MES with heat-
ing network and flexible heat load has also gained some
researches, the benefits of the heating network and the heat
load in the MES planning have not been investigated ade-
quately and the related studies are few. Therefore, we inves-
tigate the planning problem of the MES considering the
thermal storage capacity of the heating network and the heat
load. The characteristics of the heating network are modeled
accurately and comprehensively based on the node method.
The heat load including the building heating load and domes-
tic hot water load is modeled based on the thermal model of
buildings and water storage tank. Based on this, an optimal
planning model based on MILP is proposed for the MES and
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the investment cost, the fuel cost, the grid cost, the main-
tenance cost, and the environmental cost are all considered
in the objective. The results of the case studied show that
when considering the thermal storage capacity of the heating
network and the heat load, (1) the necessary capacity of
the gas boiler, the battery, and the thermal storage can be
decreased; (2) the fuel cost is reduced; and (3) the utilization
ratio of the gas turbine is high in both winter and transition
seasons.

The rest of the paper is organized as follows. In Section II,
the optimal planning model of the MES is comprehensively
formulated. In Section III, the simulations are performed
and the results are analyzed. Conclusions are presented in
Section I'V.

Il. OPTIMAL PLANNING MODEL OF THE MES

A. OBJECTIVE

The objective of the optimal planning model of the MES is
given in (1), which include both the economic cost and the
environmental cost. The economic cost includes the annual-
ized investment cost Cjy,, the fuel cost Cje;, the interacting
cost with the main grid Cgy;g, and the maintenance cost Cyg.
The environmental cost C,;, includes the penalty cost for the
carbon dioxide produced by the gas turbine and the gas boiler.

min C = Gy, + Cfuel + Cgrid + Cinain + Ceny (D

The annualized investment cost takes into consideration
the gas turbine, the gas boiler, the battery, and the thermal
storage tank as follows, where r is the capital interest rate, y
is investment return years, Cé’t” and C gg are the unit capacity
investment cost of the gas turbine and the gas boiler, respec-
tively, C l’;’l” and Cjy are the unit capacity investment cost of
the battery and the thermal storage tank, respectively, Pg,?p
and Q;Zp are the capacity of the gas turbine and the gas boiler,
respectively, and Eg,"” and Ey;,"” are the capacity of the battery
and the thermal storage tank, respectively.

S (GRS ) o
(I14+ry—1 + g, ™+ g P

)

inv =

The fuel cost includes the natural gas cost of the gas turbine
and the gas boiler as follows, where cgq; is the price of the
natural gas, P;l is the electrical power of the gas turbine at
time period ¢, Q;b is the heat power of the gas boiler at time
period ¢, g is the efficiency of the gas turbine, 74, is the
efficiency of the gas boiler, 7 is the time interval of the period,
and N is the index set of time period.

¢
%At 3)

Pl‘

8t
Cfuel = Cgas E Ar + Cgas
teN gb

teN '8!

The interacting cost with the main grid is equal to the
cost of purchasing electricity from the main grid minus the
revenue of selling electricity to the main grid as follows,
where C;,’;fd is the price of electricity purchased from the main

grid, C;’ri. 4 18 the price of electricity sold to the main grid, and
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Pg’rz 4 and P;r’l 4 are the electrical power of purchasing from

and sold to the main grid at time period ¢, respectively

bt pbt s, psit
Cgrid = Z CgridPgridAt - Z CgridP;rid At “
teN teN
The maintenance cost takes into consideration the gas tur-
bine, the gas boiler, the battery, and the thermal storage tank
as follows, where Cgt’” and C "1’7" are unit maintenance cost
of the gas turbine and the gas boiler, respectively, Cy/" and
C77 are unit maintenance cost of the battery and the ther-
. chr,t Pdis,t .

mal storage tank, respectively, P,,"" and P, are charging
power and discharging power of the battery, respectively, and
QZ};’” and QZi” are storing power and releasing power of the

thermal storage tank, respectively.

Cinain = Z

teN

Gl + G Qly, + P )
+ P 4 O + O

The environmental cost of the MES is as follows, where
Cpena 18 unit penalty cost for CO, emission, my, is the CO,
emission factor of the gas turbine, and myy, is the CO; emis-
sion factor of the gas boiler.

Ceny = Cpena Z (mgtpg:t + mng;b) ©)
teN

B. CONSTRAINTS
1) COGENERATION SYSTEM
In the cogeneration system, the devices such the gas turbine,
the gas boiler, the battery, and the thermal storage tank have
their own operational constraints. The operational constraints
of the gas turbine and the gas boiler are as follows, where
fgt is the output thermal power of the gas turbine and « is
the power to heat ratio. The first constraint is the limitation
of output electrical power of the gas turbine, the second
constraint is the equation of power to heat equation, and the
third constraint is the limitation of output heat power of the
gas boiler.

0<Py <Py, Qy=aP,, 00, <0y ()

The operational constraints of the battery are given as

chr,t chr,t « chr -cap
0< PZT' < 5“?[ A Epy

is,t 18,1 5 dis ppcap
0 <Py <&y Ay By

chr,t dis,t __ chr,t dis,t
Eht +£bt =1, Epr o Ep € {0’ 1} (8)

t+1 _ ot chr pchr,t dis,t dis
Ebt _Ebt+ <nbt Pbt _Pbt /nbt)At
low g-cap t up -cap
Ty By = Epp = 7 By
where sgi”’t and sgfs’t are binary variables representing the
state of charging and discharging, respectively, AZ’;’ and
ki’s are upper limit coefficient of charging and discharging,

!
respectively, E,gt is the energy level of the battery, nf)]t" and

n;ﬁs are efficiency of charging and discharging, respectively,
and 7/ and 7,7 are lower limit coefficient and upper
limit coefficient of the energy level, respectively. The first

and the second constraints are limit of charging power and

13366

discharging power. The third and the fourth constraints are
limitations of charging state and discharging state. The fifth
constraint is the energy equation of the battery, and the last
constraint is the limitations of energy level.

The operational constraints of the thermal storage tank are
given in (9), where " and e%5' are binary variables rep-
resenting the state of storing and releasing, respectively, Afs’;’
and Afjf are upper limit coefficient of storing and releasing,

respectively, E!, is the energy level of the thermal storage
tank, n<" and 5% are efficiency of storing and releasing,
respectively, and 7r/9" and ;) are lower limit coefficient and
upper limit coefficient of the energy level, respectively. The

meaning of each constraints is similar with that of the battery.

chr,t chr,t  chr -cap
0=<0Qir" =€ gt Eigt

dis,t dis,t  dis -cap
0=<0Qi" <t MuEis

chr,t dis,t chr,t dis,t
Et tEg =1, &g, &y €{0,1} ©)]

t+1 _ ot hr AChr,t dis, t dis
Eiy  =Ey + <ngytersl — Olst /ntslty) At

1 cap t up ~cap
Tt Bt < Ejgy < T Epg

Other constraints of the cogeneration system include the
constraints of interacting with the main grid, the load transfer
constraints, and the energy balance constraints. The con-
straints of interacting with the main grid are given in (10),
. . . . b,t

where Pglr‘f.ﬁ is the maximum interacting power, and ¢,,,;, and
¢¥!  are binary variables representing the state of purchasin

grid A1¢ DAY  Tep tne  pure &
electricity from and selling electricity to the main grid. The
first and the second constraints are limitations of interacting
power. The third and the fourth constraints are limitations of
the interacting state.

b,t b,t pmax
0< Pgrid = SgridPgrid

S, 1 s, pmax
Obs Pgrid = 8gridPgridb (10)
N st N3 s,t
8grid + ggrid - 1’ Sgrid’ 8grid € {O’ 1}

The constraints of load transfer are given in (11), where

g™ and £2"! are binary variables representing the state of
load ~ “load ry ° p. _g

transferring in and transferring out at time period ¢, respec-
tively, and PJ'“ is the transferable electrical load at time
period ¢. The first and the second constraints are limitations of
the electrical power transferred in and transferred out, respec-
tively. The third and the fourth constraints are limitations of

the transferring in and transferring out state.

in,t in,t ptra,t
0= Pload = 8laadpload

out,t out,t ptra,t
0 < Plai = €oad Ploau (1)

in,t out,t __ in,t in,t
€load + €load = 1’ €load> €load € {0’ 1}

The energy balance constraints are given in (12), where
Plﬁo);’é is the fixed electrical load at time period ¢, Q24" is the
output heat power of the cogeneration system at time period 7,
and 7y, is the efficiency of the heat exchanger. The first and

the second constraints represent the electrical power balance
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and the thermal power balance, respectively.

1 chr,t dis,t S, 1
Pgt - P +Pht +Pgr1d Pgrid
x,t in,t our,t
P;;Jad + Plo}zlzd Plo;d (12)
t t
Qgt + ng - Q;str + Qtsl; = Qout t/nhe

2) HEATING NETWORK

A simple structure of the heating network is given in (12). The
heating network consists of supply pipelines, return pipelines,
and nodes. The structure of the supply network and the return
network are mirrored and the same and hence, the return
pipelines are neglected in FIGURE 1 The modeling of the
heating network is based on the node method under quality-
regulation operation mode The constraints of the heating
network include the temperature mixing and energy conser-
vation, the transmission delay and heat loss, and the temper-
ature limit.

Pipeline b Node i
bt A bt
T ' T
s,1m s,out
—_— !
v
ms’. it
prpe ns,out

FIGURE 1. Simple structure of the heating network.

a: TEMPERATURE MIXING AND ENERGY CONSERVATION

Assuming that the mass flowing into the same node
exchanges the heat energy and mixes their temperature fully,
the mass that flows out of this node will have the same
temperature, as given in (13). The first constraint is the tem-
perature mixing at the nodes of supply pipelines while the
second constraint is the temperature mixing at the nodes of

return pipelines. Herein TS i, 18 the temperature of the mass

flowing out from the supply pipeline b at time period 7, 7,7,
is the temperature of the mass flowing out from the return
pipeline b at time period ¢, T/ and T'! are temperature of
mass at supply node i and return node i, respectively, I,,4 is
the indices set of node, CI>§r is the indices set of the pipelines
which the mass from the node i flows into, and ®* is the
indices set of the pipelines from which the mass flows into
the node i

it
Trbm T

i, t
Tr,in - an

According to the law of energy conservation, the thermal
energy flowing into a node should be equal to that flowing out
from this node and thus we can get the energy conservation

Viely, bed,,teN

; 13
Viely, bed® ,teN (13)
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constraints as given as

b,t b _ iyt
Z (Tssﬂuf msplpe) = T Z ms plpe
he@’pmk hecb’plpef
Viel,, teN (14)
bt b _ i,t b
Z (TMW 'msﬁipe) =T, Z MSpipe
be(b;npwr beq);npwr
Viel,y, teN
where ms?_ is the mass flow at the pipeline b. The first

pipe S
constraint and the second constraint indicate the energy con-

servation at the node of supply pipelines and at the node of
return pipelines, respectively.

In addition, in the source node and the load node, the fol-
lowing constraints should be meet according to energy con-
servation. The first constraint indicates the energy balance at
the source node, where c is the specific heat capacity of the
mass and g, is the indices set of the pipelines connecting to
the source node. The Second constraint is the energy balance
at the heat load node, Where Q;”i is the heat demand at the
node i at time period 7, ®;, is the indices set of the pipelines
connecting to the node i, and Ilfgll is the indices set of the heat

load node.
out r__ b t b,t
Z ms plpe ( sin Tr,uut)
beDy,,
it b b,t b,t (15)
th =CMSyine (Ts,out - Tr,in)
i . hl
bed,,, Viel,

b: TRANSMISSION DELAY AND HEAT LOSS

The modeling of the transmission delay and loss is based on
the node method. Firstly, the temperature of the mass flow is
calculated by (16) where the heat loss is ignored temporarily.
Herein, 7,5, and T,%., are the estimated temperature of
mass flowing out of the supply pipeline b and the return
pipeline b at time period 7, respectively, T ;; and Tr o

the temperature of mass flowing into the supply prpehne b
and the return pipeline b at time period ¢, respectively, g°
and y? are integer constants to denote the time delays of the
mass flow in pipeline b, K”¥ is the coefficient, and ® is the
indices set of pipelines.

T, = Z K"kTP Vbe ®, reN

k=t ﬁb (16)
Tk, = Z K"kTPY Vbe d, teN

k=t—pP

The constants yb, ,Bb , and K bk can be calculated as
(17)-(18). In(17), Z is the integer set, p is the density of the
mass flow, A? is the cross-sectional area of pipeline b, and I”
is the length of pipeline b. In (18), R” is the total mass that
flows into the pipeline b from time period r — y? to ¢ and it
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can be calculated by (19).

. b
)/b —mind " st.(n+1)- (mspipeAt>
no| > pAbIP n>0,neZ

) ) b
min m: s.Z.Zn <msplpeAt) a17)
mol>pA°l°, m>0,meZ
bib b b b
(pA l —i—mspipeAt —R )/(mspipeAt),
k=1t—pb
Kbk _ 1, k=t—pb+1,. 1 —yP—1 (18)
(Rb — pAblb)/(msﬁiper ,
k=1t—y?
0 otherwise

R =l +1) (ms,’;.pem) (19)

,Bb

Secondly, the heat loss should be taken into considera-
tion which is reflected by the temperature drop. The actual
temperature of mass flowing out of the pipeline b can be
calculated by (20), where T, slf;fu, and T,b, !¢ are the actual
temperature of mass flowing out of the supply pipeline b
and the return pipeline b at time period ¢, respectively, T/,
is the ambient temperature of the heating network, £ is the
temperature drop ratio, and A” is the heat transfer coefficient
of pipeline b

b, b,
Ts,olut = Taﬁm + <Ts/,ml4t - Ttim) ! éb
b, b,
Tr,otul = Tatm + (T;,Ditl - T(ﬁm : Eb (20)
AP At 3 pAPIb —RP
s”=exp[—Ab (y”+5+—p ;
pc mspipeAt

3) TEMPERATURE LIMIT

In addition the following constraints should be included in
order to ensure the quality of the heating supply. Herein,
T™M" and T™* are the minimum and the maximum value of
temperature in the supply pipeline, respectively, and 77" and
T"** are the minimum and the maximum value of tempera-
ture in the return pipeline, respectively,

min b,t bt max

i B T o1
min it ,t max

T < TVl TPk < T

4) HEAT LOAD

The heat load of end users includes the building heating load
and the domestic hot water load. The building heating load
is to keep the indoor temperature at a comfort range. The
indoor temperature equation of the building is given in (22)
based on the thermal model of buildings, where Ti’,’l’ is the
indoor temperature at the heat load node i at time period ¢, R’
is the thermal resistance of the building at heat load node i,
C"'m is the heat capacity of indoor air at the load node i, B'is
number of buildings at the heat load node i, Q;lt,l is the heat
power supplied to the load node i for building heating at time
period ¢, and T}, is the outdoor temperature at time period ¢

13368

In order to keep the quality of the heating supply at a good
level, the indoor temperature should be within a range and
the average value during the dispatch period should be equal
to the optimal value as given in (23). Herein, Tirl’i” and T}/**
are the minimum the maximum comfort indoor temperature,
respectively, T;p " is the optimal indoor temperature, and Ny
is the numbers of the time period in a day

- - At RIQM
it it hl1 p
Tin - Tiln - €Xp <_RiCi. ) + ( Bi + Tout

atr
1 Al viel (22)
X — €X —_ l
b RlCcllir "
Tt < Tiirlt < Tp", Z Tiirlt =Ny - T,V (23)
teN

We assume that each user has installed a water storage
tank at home to maintain a good hot water supply. The water
storage tank absorbs the heat power from the heating network
and the water temperature can be calculated by (24). Herein,
Tj' is the temperature of the hot water at load node i at
time period ¢, va’f(,u, is the hot water volume consumed by
users at load node i at time period ¢, V‘ﬁ, is the total volume
of the water storage tank of users at load node i, TS is
the temperature of cold water supplemented into the water
storage tank, and QZZ,z is the heat power supplied to the load
node i for domestic hot water at time period 7. To ensure
the user comfort, the temperature limit should be included as
given in (25), where 77" and T/"** are the minimum and the
maximum comfort water temperature, respectively, and 75" !
is the optimal water temperature. In addition, the heat power
balance equation should be also include d as given in (26).

T = T = Vi [ Vs
(i =T )+ 0, [ (e B V) @4
TN < TH < T, Y T =Ny TP (25)
teN
O = Qi1 + Qi (26)

C. MODEL SOLUTION

In summary, we have formulated a comprehensive optimal
planning model (OPM) for the MES that takes into consider-
ation the characteristics of the cogeneration system, the heat-
ing network, and the heat load. The thermal inertia of the
heat load is utilized in the planning model to improve the
flexibility of the MES. The OPM is a mixed integer linear
programming (MILP) and I can be easily solved by on-the-
shelf solvers such as CPLEX, Gurobi, and so on.

Ill. CASE STUDIES

In order to verify the economic performance of the proposed
planning method, four cases under the background of North
China are studied for comparison. The case I is a traditional
planning method where the characteristics of both the heating
network and the heat load is ignored; the case II only takes
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TABLE 1. Optimal capacity of devices in different cases.

. Gas turbine Gas boiler Battery Thermal storage tank
Case Heating network Heat load
(MW) (MW) (kWh) (kWh)
1 X X 4.58 3.40 622 730
1 x y 4.46 2.67 1009 520
11 V X 4.61 2.67 30 120
v J N 4.58 2.22 0 0
Grid Blectrical SR S~ TABLE 3. Parameters of heating network.
load 47gmes [N
ool [ ]
Gas turbine Battery || Solar cells 7 L
‘[ - - 1 m Head Tail [(m) Diameter (m) A (kW/(m:°C)) ms (t/h)
; . —
Gas boiler J Thermal storage i AL 1 2 2000 0.40 0.25 230
ik & \&
= 2 3 1000 0.25 0.25 100
—  Electricity — Heat —— Gas =—— Pipeline % Heat load 3 4 800 0.15 0.25 40
FIGURE 2. Structure of the cogeneration system and the heating network. 3 5 1000 0.25 0.25 60
5 6 800 0.15 0.25 30
5 7 1000 0.15 0.25 30
the characteristics of the heat load into consideration; the 2 8 1000 025 025 130
case III only takes the thermal storage capacity of the heating 8 9 500 0.15 0.25 30
network into consideration; and the case IV utilizes both 8 10 1500 0.25 0.25 100
the characteristics of the heating network and the heat load. 10 11 500 0.15 0.25 30
The simulation is performed on a laptop with Intel i7 CPU 10 12 800 0.15 0.25 30
and 8GB RAM. The programming is in the environment of 10 13 1000 015 025 40

Matlab 2016a and the CPLEX is used to solve the model.

A. SYSTEM STRUCTURE AND PARAMETERS

The structure of the case is shown in FIGURE 2. The cogener-
ation system consists of a gas turbine, a gas boiler, solar cells,
abattery, and a thermal storage tank. The cogeneration system
can buy electricity from the main grid or sell electricity to it.
We assume that the capacity of the solar cells are fixed and we
need to optimize the capacity of the gas turbine, the gas boiler,
the battery, and the thermal storage tank. The heating network
consists of 12 supply pipelines and 7 nodes of heat load. The
parameters of the devices in the cogeneration system is shown
in Table 1. The parameters of the heating network and the heat
load are given in Table 2 and Table 3, respectively.

TABLE 2. Parameters of devices in the cogeneration system.

There are three typical working condition in annual opera-
tion of the MES, i.e. winter, summer, and transition seasons.
In the winter, the MES supplies thermal power to end users
for the building heating and the domestic hot water. In the
summer and transition seasons, the MES supplies thermal
power only for domestic hot waters. In this case we assume
that the durations of each work condition are 150, 80, and
135 days, respectively.

B. PLANNING RESULTS AND COST ANALYSIS
1) RESULTS OF OPTIMAL CAPACITY

The optimal capacity of each devices in the four cases are
shown in Table 4. Firstly, the capacities of the gas turbine in

TABLE 4. Data of heat load.

Parameters Value Parameters Value
r 6.5% Mhe 09
" 073 “ 23 NO  Node C..r (kWh/C) R (‘C/kW) v, (m*) B
Cous 0.3%/kW v 0.2,0.2 1 4 0.5 6 50 200
ey c 0.1,0.02%/kW s o 0.95,0.95 2 6 0.5 6 50 150
Chi's Cut 0.05,0.01¥/kW ', 0.1,0.9 3 7 0.5 6 50 150
Ceomp 0.1¥kW Hod > N 0.2,0.2 4 9 0.6 7 60 150
Cpena 0.15%/kW Xt di 0.95,0.95 5 1 06 7 60 150
e 0.3 s 0.1 6 12 0.6 7 60 150
e 09 — — 7 13 0.6 7 60 200
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different cases are very similar while those of the gas boiler
are very different. The capacity of the gas boiler in the case IV
is reduced by 34.7% compared with the case I and reduces by
17.6% compared with the case II and the case III. It can be
concluded that the characteristics of the heating network and
the heat load can effectively decrease the necessary capacity
of the gas boiler. Secondly, the capacities of the battery in
different cases have obvious differences. An interesting thing
is that when only the thermal storage capacity of the heat
load is considered (i.e. Case II), the capacity of the battery
is increased compared with the case I. Thirdly, the capacities
of the thermal storage tank show a downward trend from the
case I to the case IV. In summary, we can see that taking the
thermal storage capacity of the heating network and the heat
load into consideration in the planning of the MES can reduce
capacity of the gas boiler, the battery, and the thermal storage
tank distinctly

2) COST ANALYSIS

The detailed cost in different cases are shown in Table 5 and
Figure 3. The total cost shows a decreasing trend from the
case I to IV. The total cost of the case IV is reduced by
9.4% compared with the case I. The total cost of the case II
is very near to the case I and the cost of the case III is
reduced by 3.7% compared with the case I. Therefore, we can
conclude that the thermal storage capacity of the heating
network brings more benefit to the planning of the MES
compared with the heat load and simultaneously, we can
obtain the most benefit to utilize the characteristics of both the
heating network and the heat load at the same time in the MES
planning. Moreover, it can be seen that the investment cost
in each cases has little difference. For the case I, II, and IV,
the fuel cost, the maintenance cost, and the environmental
cost all show a decreasing trend while the grid cost shows
an increasing trend. The case Il is a special case and its total
cost is nearly the same with the case I, which indicates that in
this case only considering the characteristics of the heat load
in the planning brings little benefits.

4000 H Case | Case II Case IIT Case IV
3000
)
=+
0)
X 2000
z
O 1000
0 m m |
Total Investment Fuel Grid Maintance Environment

FIGURE 3. Detailed cost in different cases.

The cost of fuel, grid, maintenance, and environment in
each typical working condition is shown in Figure 4. In the
three working condition, the fuel cost all accounts for the
largest proportion. The fuel cost in winter is the largest com-
pared with other working conditions, when the heat load is
very heavy owing to the demand of building heating. The grid
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TABLE 5. Detailed cost in different cases (x10%¥).

Case Total Ciny Cliet Coria Conain Con

I 3545 268 2,693 10 263 311
I 3540 262 2,723 221 268 308
111 3414 266 2,571 31 249 298
v 3212 264 2,335 122 227 265

B Fuel Grid Environment

Win. Sum.Trans. Win. Sum.Trans. Win. Sum.Trans. Win. Sum Trans.
Case I Case IT Case ITT Case IV

Maintance
1750

o | | |
Ll

750

500

Cost (x1e4¥)

250

-250

FIGURE 4. The cost of fuel, grid, maintenance, and environment in
different typical working condition.

cost is all negative in winter in the four cases owing to selling
large amount to the grid. In summer, the heat load is low and
the MES buys more electricity from the grid so that the grid
cost is positive and considerable, even larger than the fuel cost
in the case IV. In transition seasons, the heat load is more than
that in summer but less than that in winter and thus, the gas
turbine can basically meet the electrical load and the heat load
simultaneously and the grid cost is positive but not high.

C. OPERATION ANALYSIS

In order to further reveal the performance of the proposed
planning method, the operation condition of the MES in the
case IV is analyzed in the following. The electrical power of
each devices in the MES in three typical working conditions
is shown in Figure 5. In winter, the gas turbine runs all the day
to meet the heat load and a large amount of electricity is sold
to the grid during 00:00-15:00 and 23:00-24:00. In summer,
the output of the gas turbine is very low during 00:00-00:07,
12:00-16:00, and 19:00-14:00 so that most of the electrical
demand is meet by the grid. Obviously, in summer when the
heat load is very low, the gas turbine has large output only
during peak load time. In transition seasons, the gas turbine
has high output during 08:00-12:00 and 17:00-21:00 and
the MES does not buy electricity from the grid during the
peak load time. In summary, the utilization ratio of the gas
turbine is high in both winter and transition seasons but low
in summer.

The output of the gas boiler in three typical working con-
ditions is shown in Figure 6. It can be seen that the gas boiler
does not work in summer and transition seasons because the
heat load is very low and can be meet by the gas turbine.
In winter, the gas turbine does not work during 00:00-02:00,
08:00-10:00, 15:00-16:00, and 20:00-21:00. During other
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FIGURE 5. Electrical power of each devices: (a) Winter, (b) summer,
and (c) transition seasons.
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FIGURE 6. Output thermal power of boiler.

time, the output of the gas boiler is very high and nearly at
the full load.

IV. CONCLUSIONS

We propose an optimal planning method for the MES that
takes into consideration the characteristics of the heating net-
work and the heat load in this paper. The cogeneration system,
the heating network, and the heat load including building
heating load and domestic hot water load are comprehensi-
bly modeled and embedded into the planning model. Four
cases based on the conditions in North China are studied and
many interesting conclusions are obtained: (1) considering
the characteristics of the heating network and the heat load
has no obvious influence on the optimal capacity of the gas
turbine but can effectively decrease the necessary capacity of
the gas boiler, the battery, and the thermal storage tank; (2)
embedding the characteristics of the heating network and the
heat load into the planning model has just a little influence
on the investment cost, but it brings considerable reduction
in the fuel cost; and (3) the gas turbine has a good utilization
ratio in winter and transition seasons and in summer it has
high output only at peak load time.
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