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Abstract: The use of renewable energy by converting it into heat is an important form of storing
energy in a usable form and improving the energy supply flexibility; therefore, the electricity—heating
system (EHS) can cope with load fluctuations. However, relevant research is lacking on improving
the energy supply limitations by the optimal dispatch of energy flow at the typical EHS, such as the
coupled CHP-heat pump-thermal storage system (CCHTS). Based on the study of the energy supply
characteristics of the CCHTS for extending the energy supply limitation, this study develops an
optimal dispatch method using a heat pump (HP) and the thermal storage (TS) of heating networks
to improve the flexibility of the CCHTS and the accommodation capacity of renewable energy. The
maximum and minimum energy supply limitation model of the CCHTS and the output power
characteristic model are established. Based on the piecewise power supply constraint, the energy flow
of the EHS is optimized by using the quadratic programming algorithm. The CCHTS can significantly
improve the energy supply flexibility; both coupled combined heat and power (CHP) + HP and
coupled CHP + TS can improve the power supply flexibility, but the enhanced effect of CHP + HP
is better than that of CHP + TS. An increase of 7.6% in wind power consumption is achieved. The
consumption of renewable energy increases by 17.9% in the energy flow optimization results.

Keywords: power supply flexibility; thermal storage; renewable energy accommodation; power
supply limitations; tightly coupled flexible thermal power system; thermal inertia

1. Introduction

A low-carbon society requires a large-scale consumption of renewable energy [1,2].
However, the fluctuation and uncertainty of renewable energy electricity (REE) impact
the power grids and general energy systems [3]. The electricity—heating system combines
the power grid and heating networks, improves its power supply flexibility through
the coupling between different equipment, and has the potential to a achieve large-scale
consumption of renewable energy [4,5].

CHP is one of the core energy conversion equipment in the EHS. By improving the
limits of the heat-to-power ratio and increasing the power supply flexibility, the renewable
energy electricity accommodation in the EHS can be effectively improved [6,7]. However,
in the winter heating season, CHP generally operates in the mode of “supply power
determined by heating”. The power supply flexibility is, therefore, reduced [8]. And
then the accommodation of REE for the EHS is not effective, resulting in the significant
curtailment of REE [9,10].

By introducing energy storage, the power supply flexibility of CHP can be effectively
improved. Battery or electric vehicles are also typical forms of energy storage used in electric
power systems [11]. For example, through the scheduled discharging of electric vehicles,
an optimal scheduling strategy is proposed to enable renewable energy consumption [12].
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Moreover, other forms of energy storage, such as P2G with CHP units, can be used for
the integrated electricity—gas systems to respond to uncertainties [13]. However, the high
electricity storage cost hinders its integration in power grids. Since the thermal storage (TS)
cost is far lower than the electricity storage cost, previous research mainly concentrated
on TS [14-16]. For example, the CHP-based district heating network (DHN) with an REE
and TS system was studied, and a modeling and optimization method was developed [14].
Through the combination of an HP and TS, the production cost was minimized in [15] and
the profit was maximized in [16]. Through an electrical boiler with TS, the system flexibility
is improved and the wind curtailment is reduced by 12% [17]. Considering their dynamic
response, TS tanks are used to improve REE consumption [18]. Using the TS storage in
DHNs by artificial-neural-network-based forecasting models, the gas-fired CHP plant can
better cope with load fluctuations [19]. These works have helped to improve the energy
supply flexibility [19]; however, adding additional TS equipment to the energy system will
lead to a significant increase in construction costs, which is economically unfeasible. In
addition, the additional TS equipment experiences significant heat loss during the process
of heat storage and release [20].

The heat transfer medium and buildings have a large heat capacity, which can flexibly
store heat and reduce heat loss. Since the heat capacity of DHNSs can be used to replace
TS effectively, power supply flexibility can be realized [21,22]. For example, by using
the thermal inertia of the heat capacity of buildings, an optimal and flexible dispatch
method can be obtained [23-27]. By utilizing the thermal inertia of residential buildings,
the economic performance is improved [28,29] and flexible electric power regulation is
obtained [30]. The flexibility performance can be further improved by using the thermal
inertia of DHNs [31-34]. In summary, using the thermal inertia of DHNs can promote the
consumption of the REE. However, when the heat storage capacity of the DHN is relatively
small compared to the power load of the grid, the use of the DHN’s thermal inertia to
improve the flexibility or adaptability of REE is not significant. Introducing electricity—heat
energy conversion equipment can further improve the flexibility of the power grid in order
to achieve the consumption of REE.

Moreover, energy conversion is another useful method for improving power supply
flexibility. The heat pump, as an efficient form of heating equipment, can operate flexibly
and co-operate with TS to further improve the flexibility of the EHS [35]. In previous
studies, there has been some research on the flexible regulation of HPs. For example,
through a hybrid HP and a TS unit, a residential building was able to operate flexibly, and
the operation costs were reduced [36,37]. HPs with a flexible operation can realize load
shifting, thereby improving the REE consumption and the efficiency of dispatch power
plants [38]. To compensate for fluctuating REE and to avoid grid congestion, the demand-
response service is provided by electric-to-heating equipment [39]. However, it has not
been found that the HP was used in the EHS, combined with the heat capacity of the DHN
and CHP, to improve the power supply flexibility of the whole EHS and, therefore, improve
the consumption of the REE.

In summary, from the perspective of the initial investment, heat storage with the same
energy storage capacity is much cheaper than batteries [14-16]; from the perspective of the
operating costs, the operation of thermal storage equipment mainly relies on the circulation
pump to drive the heat transfer medium for the heat exchange. The lifespan of the thermal
storage equipment is not related to the number of thermal storage/heat release cycles, but
only to the calendar lifespan; the operating cost of the batteries is related to the number of
cycles [40,41]. Thermal storage is usually better than other energy storage devices. In this
study, thermal storage and HPs are used to improve the performance of the EHS.

Based on the above literature reviews, this study develops an optimal dispatch method
using an HP and TS of a DHN to improve the flexibility of the CCHTS and to improve the
renewable energy accommodation capacity. The contributions are summarized as follows:

(1) New System Construction: For the first time, a new EHS was constructed by
introducing HPs in order to achieve a more flexible energy supply. In the new EHS, CHP
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and HPs are two complementary energy conversion devices forming a new electricity—
heating energy supply regulation unit, the combined unit (CU). Compared to the optimal
scheduling studies of EHSs in [24,26,29,31], the new system can adjust the output between
electricity and heating by the adjustable heat-to-power ratio of the heat pump.

(2) Coupling Characteristics Indices: Studying the segmented electricity—heating
output characteristic curve of HPs, the coupling characteristics relationship between CHPs
and HPs in EHS systems are proposed for the first time, and detailed indices of the
IES with coupling HPs are derived, including the maximum electrical power output
(EPO), minimum EPO, and dispatch flexibility index of the IES. Compared to [31], the
electricity-heating coupling characteristics model of CHP is expressed as a piecewise linear
function; therefore, the overall model belongs to a quadratic programming model, and the
modeling complexity and solution difficulty are reduced. The model belongs to a quadratic
programming problem and has a unique solution, so it can be solved using any quadratic
programming solver.

(3) Model Exploration and Performance Evaluation: A new system dispatch method
coupling models of HPs with CHP is developed, and then the energy supply boundary is
extended and the flexibility of the EHS and the consumption of REE is enhanced. Compared
with references [39], the new model not only considers the coupling between HPs and
power grids but also considers the coupling between HPs and CHP.

A comparison of the modeling characteristics of key equipment in the EHS is shown
in Table 1.

Table 1. A comparison of modeling characteristics of key equipment in the EHS.

Electricity-Heating

References Hea.t Storage. in Electr1c1}yTHeat1ng Characterls'tlcs of CHP Characteristics of CHP
Heating Pipelines Characteristics of CHP Coupling HP .
Coupling HP
[24,26] v X X X
[29,31] vV i X %
[39] X X Vv X
This study Vv Vv Vv Vv

This paper is organized as follows. Detailed models, including the TS model of the
DHN, are presented in Section 2. The collaborative dispatch (CD) method of the EHS is
provided in Section 3. The flexibility indices of the combined unit (CU) and the flexibility
assessment model of the EHS are presented in Section 4. Two types of network topological
case studies are proposed in Section 5. Finally, the conclusions are presented in Section 6.

2. Modelling of the DHN
2.1. Description of the Heating System

Due to the great heat capacity of water, DHNSs are heat energy storage systems with
massive potential in hot water in heating pipelines. The operation mode of “constant mass
flow” is adopted more and more widely. The constant mass flow mode is adopted. Usually,
the waste heat generated by equipment such as CHP and thermal power generation units
serves as a heat source to generate heat for external heating. The detailed structure of the
DHN is shown in Figure 1.

The heat generated by CHP is transmitted to the heat exchanger by the circulating hot
water in primary pipelines. Typically, the TS loss in the secondary pipe is much smaller
than in the primary pipe. The characteristics of heat loss and heat transmission delay are
only considered in the primary pipe networks in this study.



Return pipeline

1
1
1
:
|:> ! |:> heat exchanger
i
1
1

Energies 2024, 17, 2861 4 0f 27
Heat station
l'-----------------l
! I
i Heatuser !
— 3 Primary pipe network — ,—>_:_‘ !
! I
Supply pipeline i !
_ Heat Heat '
Heat Primary Secondary 1
source heat exchanger i
1
1
1
1
]
1
1

L —

Figure 1. Schematic diagram of DHN.

2.2. Description of the Heat Sources

For CHP, the generated electricity is injected into the electricity networks, while the
generated heat supplies the heat users through the primary and secondary pipe networks.
There are four corner points in the feasible operation region. The heating power output
(HPO) and EPO of the extreme point i are defined as xif and yé‘ . The generated electri-
cal power and heat power are coupled at any time; any co-ordinate point responding
energy generated within the polyhedral operation region can be described by a convex
combination of four extreme points. A detailed example of the electricity-heating coupling
characteristics is shown in Figure 2 [30].
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Figure 2. Electricity—heating coupling characteristics of CHP.
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The parameters of N; and txé‘t satisfies the constraints:
N
af, =1 .
ST vie Nowp ke (1,2, N @
0<ak <1

2.3. Modelling of the DHN

The mass flow of each pipeline is assumed to be constant. Heat users can adjust the
heat exchange area of the heat exchanger to adjust the return water’s temperature. For the
steady state, all state properties do not change along with the time during the period. The
steady model can be shown as [42]:

D= Cwmq(Tsu - Tre) ®3)

where Cy, is the specific heat capacity of the water; m, is the mass flow rate; Ts, and Ty,
are the temperatures of the supply water and return water, respectively; and & is the
heating load.

For the steady state, the HPO is determined by Equation (4) [42]:

OEHP = CymliS (Tsfjs - T};IS>, Vi €€ Nps (4)

During the storing or releasing of heat energy, the temperature changes with time,
and the primary pipe networks are in an unsteady state. The HPO is determined by
Equation (5):

(5)

t HS
{ OCHP — C,mHS Jioar AT (D)dt
1
su

At
ATHS = Cyymy®s (THS — TJ)
When the time At, the dispatch time interval, is short enough, assuming the tempera-

ture changes linearly, Equation (6) can be obtained:

OFHP (1) = CumfIS[ATHS (1) + ATHS (£ - A1)] /2 (6)

Considering that the time transmission delay (TTD) is long enough from the heat
sources to the users and heat sources, the temperature change cannot be transmitted from
the supply water to the return water during the time interval At. When the user loads
remain constant, the return temperature is [25]:

T () = T35 (t = At) (7)
Then, the temperature change is:
ATHS(t) = ATHS (¢ — At) + [THS () — TS (¢ ap)| (8)
Therefore, the HPO is calculated as:

CombS [T (t) — TH (t — At)]
2

oI (1) = Coomil [T;;{S(t — At) — THS (¢t — At)} + 9)
Equation (9) consists of two parts: the heat transferred from the input to the output of
the pipeline, and the heat absorbed by the pipeline’s hot water.
The first law of thermodynamics can also apply to heat exchangers. The heat power
is [31]:
®f1F = CymlF (T;;{E - T,’;IE), Vi €€ Ny (10)
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At the mixing node, the laws of heat power conservation and mass flow conservation
are applicable. The process can be expressed for both the supply and return water as [31]:

Z (Tsu,in . msu,in) = Tsu,out . Z Mgy i

inflows inflows 11)
Y (Tre,in : mre,in) = Tre,out Y Mye i
inflows inflows

Figure 3 shows the schematic diagram of the topology structure of the secondary hot
water supply pipeline, as well as the temperature and its changes with different pipes at
the inlet and outlet of the supply and return pipelines at the convergence node. Several
different mass flows of hot water are injected into the same node, and then mixed. Ty, ;; is
the hot water’s inlet temperature in the supply pipeline before injecting the node; Ty out is
the hot water’s outlet temperature in the return pipeline after mixing at the node; m, ;,
and mgy ¢ are the inlet mass flow and outlet mass flows of the supply pipe networks,
respectively; and 1, ;, and .0y are the inlet mass flow and outlet mass flows of the
return pipe networks, respectively.

Heat
source

Heat

Exchanger 1
msuln Tsu,in

Heat

Exchanger 2
mre,out re,out

Heat station Heat

Supply pipe Exchanger 3
— — — Return pipe

Figure 3. Structural diagram of the DHNs.

The temperature constraints are required for both the steady-state operation and
unsteady-state operation. The constraints are expressed as:

{ Ti,su,min < Ti,su(t) < Ti,su,max (12)
Ti,re,min S Ti,re(t) S Ti,re,max

The characteristics of TTD and the TS capability of DHNs originating from the great
heat capacity of primary pipe networks indicate that the DHNs have thermal inertia. The
effect of the TS capability of DHNSs is shown in Equation (9).

After absorbing the heat energy from the heat station, the hot water medium flows
into the primary heating pipe networks’ supply pipeline. The circulating pump results in
velocity v, so temperature changes at the inlet pipeline have the TTD effect. The TTD, #45,

is calculated as [28,29]:
L
tdeluy = kdelay; (13)

where kel is the thermal delay coefficient, and L is the pipeline’s length. Considering the
dispatch time interval, Equation (13) can be further expanded as [28,29]:

kdelay L
td@lﬂy - rOund(M) . At (14)

where round() is the rounding function.
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The temperature decrease in the heating pipeline resulting from the heat transmission
loss can be calculated by:

AgL (15)

ke — efC-wm,i

{ Tend = Tom + (Tstart - Tum) ke

where Ty, is the ambient temperature, which can be assumed to be the constant that equals
the average temperature of the soil.
The coefficient, Ay, is calculated as [42]:

27TA

Ao= W (16)

7

where ¢ is the thermal insulation material’s thickness, A is the thermal insulation materials
thermal conductivity; and D is the inner diameter.

When considering both the heat transmission loss and TTD, Equation (15) can be
extended as:

Tend(t) — Tam(t) = [Tstm’t(t - tdelay) — Tam(t — tdelay)} ke (17)
For two nodes that are not adjacent, the TTD of the temperature is:

tdelay,i,j = tdelay,i,k + tdelay,k,j
Ti(t — taetay,ij) — Tam(t = taelay,ij) = {Tk(f-fdduyjk) —-7}nz(t-tddayjk)} “keix  (18)
Ti(t = taetay k,j) — Tam (t — tactay xj) = {Tj(t — taetay k) — Tam(t — tdelay,k,j)} ke,

where i, k, and j are sequential nodes along the flow direction.

2.4. Modelling of the User Heating Loads

For the walls, the thermal equilibrium equation is [23,25]:

Mo _ v Ti=Toi o gvgu

C .
I dt SEN/V’ R?U,j

, (19)
. { 1, exposed to the sunlight
=

0, otherwise

where C,; is the jth wall’s heat capacity; Ty, is the jth wall’s temperature; T is the adjacent
nodal temperature; R, is the thermal resistance; «; is the heat-absorbing coefficient; Q;”d is
the radiative heat flux density; and A;" is the area.

For the room, the thermal equilibrium equation is [23,24]:

de,j o Tw,]' - Tz,i + 7 Z Tc,j - Tz,i
i - 7 . k ..
“dt sEN} Rw,j SEN/ Ruwindow
B { 1, there is a wall between nodes i and j

e = .
k 0, otherwise

C

+‘ ?Hlt + ( ?R + 7T Tw 4 window md,wmdow
1 A k ] i Q i

where C,; is the ith room’s heat capacity; T; is the ith room’s temperature; T,; is the

ambient temperature; ’L'jw is the jth wall’s heat transfer resistance; Ry, 40 is the thermal

resistance of the windows; and A]Z»“i”dow is the jth wall’s whole area of the window.
The heating power from the heat exchangers is [31]:

1 Npuitding

D=— Y Qg (21)

NHE i=1
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where 17y is the efficiency of the heat exchanger; and Npyjjging is the number of buildings.
The TS of the building can be used to provide the appropriate temperature change:

TON < T,(t) < ae (22)
where T;"Z.i” and T'/* are the minimum and maximum limits, respectively.

3. Collaborative Dispatch Model of EHS

The proposed method provides power supply flexibility for the EHS by fully utilizing
the TS of DHNs and buildings; therefore, the reduction in wind power (WP) curtailment
can be achieved.

3.1. Objective Functions

The coal consumption of CHP and traditional thermal power units is considered. The
objective of the optimization model is [26,27]:

T
minCsum—At~Z< Y, Fei+ ), Fi+ ), Pw,»> (23)

t=1 \G;€Scc 8i€Scup W; €Sy

where At is the dispatch time interval; Fg;, F,;, and Fy,; are the costs of the traditional
thermal power, CHP, and WP. Fg;, F,;, and Fy; can be further described as [26,27]:

Fgi = aGiPél- + bgiPgi + cgi, VGi € Scg
ng — al,gipgzi + bl,gipgi + aZ,gngi + bZ,gngi + b3/giP3ngi + Cgi/ VGi € SCHp (24)

Fai = Gui - (PL" = Pyi), Vi € S,

where ag;, bg;, and c,; are the coal cost coefficients, respectively; a1,q;, 32,4i, b1,6i, b2,4is U361/
and c,; are the economic operation parameters; Pg; is the output power of traditional thermal
power units; Pg; and H; are the output electrical power and heating power, respectively;

P, is the utilized WP; P;:?recm is the forecasted WP; and J,; is the penalty cost coefficient.

3.2. Constraints

The constraint of the nodal power balance in electricity networks is expressed as [26,28]:

— — — — —
P(t) + Pw(t) — D(f) = B x (t) (25)
— — —
where P(t), Pi(t), and D(t) are the vectors of the EPO of CHP, WP, and the user electricity
load during the period ¢; B is the nodal admittance matrix; and 6(t) is the phase angle.
The electrical power constraint is [26,28]:

0i(t) — 0;(t)

—PIN(1) <
O

< PR (1) (26)
where Pl-’]?’”x (t) and —Pl-’]’-“x (t) are the power limits; 0;(f) and 6;(f) are the phase angles at
nodes i and j during the period £; and x;; is the reactance of the feeder. The phase angle of

the reference bus is set to 0:
Oref =0 (27)

The phase angle constraints at node i are:

0; min(t) < 0;(t) < 0 max(t) (28)
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The active EPO constraint is:
Pgimin < PGi(t) < PGimax (29)
The ramping constraints of CHP and the thermal power units are [26,28]:
Ramp{e®n - At < P(t) — P(t — At) < Ramp,"” - At
H,down o _ H,up (30)
Rampy, - At < Hi(t) — Hy(t — At) < Ramp, """ - At
where k is the kth thermal power unit or CHP; Ramp®®" and Rampr are the rates of
ramp-down and ramp-up of the generators; and Ram pf’dow" and Ram pllj’”p are the rates

for CHP. The total electrical power and heating power is the generation dispatch of CHP or
the thermal power units with a dispatch period.

The EPO and HPO of CHP are:
{ fn() < a0 = B i e (31)
Qimin(®) < QFFF(H) < QEZE(1)
The EPO limit of the WP generator is:
0. < Py,i(t) < P71 (32)

where Pﬁremt(t) is the forecasted WP output of the WP generator i during period ¢.

The dispatch model of EHS is solved by the QUADPROG solver in MATLAB
R2018b software.

4. Flexibility Assessment
4.1. Flexibility Indices of the Combined Unit of CHP and HP

Higher-proportion CHP and renewable power generation bring tremendous chal-
lenges to the dispatch of the energy system. Flexibility indices are proposed to assess the
flexibility improvement for the integrated energy system.

By introducing HPs into the CHP system, surplus electricity can be used for heating
during the period of peak heating consumption and low power consumption, to improve
the heating capacity. Considering the TS of the DHN, the CU can convert the surplus
electricity into heat through HPs during the low heat consumption period, and store it in
the heating network. By releasing the heat during the heat consumption peak, the flexibility
of the whole CU for supplying electricity can be improved.

4.1.1. Maximum EPO of the CU

When introducing HPs into the CHP system, the electrical power-heat coupling
characteristics of the CU are changed.
On the one hand, the heating power of HPs is limited by the COP:

0 < QfP < cop. pHP (33)

where QP is the output heating power of the HP; and P/’ is the consumed electrical
power of the HP.

On the other hand, since the function of the HP in the combined system is to preheat
the supply water of CHP, there is a maximum constraint on the heat-to-power ratio of the
HP to that of CHP:

QHP

0< QcHP < knp-cup (34)

Figure 4 shows the power output variation in the electricity-heating coupling charac-
teristics of CHP.
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Figure 4. Power output variation in the electricity—heating coupling characteristics of CHP.

According to Figure 4, the maximum EPO meets the constraints:
CHP L cup
(p ) —150 - -Q (35)
max 3

When considering the electricity consumed by HPs, the maximum EPO is:

(pcu)max _ (PCHP . PHP)max _ (150 . %QCHP . PHP) — 150 — %QCHP . (PHP) (36)

max min
The HP can consume electricity but cannot generate electricity; therefore, the maxi-
mum EPO or the minimum electricity consumption is zero. The maximum EPO of the IES

is the same as that of CHP:
{ Ell;iigmax f 350 - %QCHP - (PHP)min =150 — %QCHP = (PCHP)max (37)
min

4.1.2. Minimum EPO of the CU
The EPO of the IES is the algebraic sum of the EPO of CHP and the HP. Therefore, the

minimum EPO of the IES is:
pcu _ (pCHP _ pHP — (pCHP _ (pHP
( ) min ( ) min ( ) min ( ) max (38)
The minimum EPO of the CHP is:
(PCHP) _ [ 36—06QHP, 0 < Q°HP <20 (39)
min | 6.8+ 0.86Q°HF, 20 < QCHP < (QCHP)

For the HP, the maximum HPO is constrained by the maximum electrical power
consumption of the HP and the available ratio of the heating power of the HP to that
of CHP:

(QHP)maX — COP- (PHP) - min{COP PHP kup cpp - QCHP } (40)

rated’
max
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Considering the rated maximum HPO of the HP is:

HP HP
(Q )max rated - COP . Prated (41)

Then, the maximum HPO can be further expressed as:

koo . QCHP
HP : HP KHP—CHP

(P >max - mm{P rated: CoP (42

(PCU> min -

Q
= T+knp—chp (
kpp— 1+kyp—
6.8+ Ty (0.86 — AL ), 20+ (14 kup-cpp) < Q < LHHE LI Fai - (45)

6.8+0.86Q — (0.86COP +1) -PHP 0> !

Electrical power (MW)

Therefore, the minimum EPO of the IES about QCHP is concluded and obtained as:

kop_ . QCHP
C C : HP—CHP
(P u)mm - (P Hp)min - mm{P e COP } 43)
Considering the whole HPO is:
Q= Q"+ QM (44)

Combining the maximum HPO of the HP and the minimum EPO of the IES about

QHP the minimum EPO of the IES about the whole HPO is:

kep_
0.6 LCHP)I 0<Q<20-(1+kyp_cup)
cor cop-pHP

kyp—cHp
1+kpp_crp)COP-PHP

rated
kep—cHp

rated’

4.1.3. Flexibility of the CU

In the DHN, we assume that the initial HPO is Q2 (#), and the coupling EPO range

is line LyFy. When CHP is combined with TS, its HPO decreases from Q%Ssu (t) to QCHP(t).
Correspondingly, the EPO range extends from LyFj to LF. Compared to the initial EPO,
CHP obtains the larger capability of EPO (LL' and FF’), which are called CHP’s flexibility.

Based on the maximum and minimum EPO of the CU, the electrical power-heat

coupling characteristics of the CU are obtained and shown in Figure 5.
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Figure 5. Electrical power-heat coupling characteristics of the CU.
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In Figure 5, the part marked in the black polygon is the changed part of the electrical
power-heat coupling characteristics curve of the IES relative to CHP due to the addition
of HPs. Compared with the flexibility of CHP, the added flexibility of the IES is line FF”.
Compared to the initial EPO, the IES obtains the further capability of the EPO, LL" and FF”,
which is called IES’s flexibility.

The HPO change is described as:

AQ(H) = Qo(t) — Q(f) = min At Ramp"**", At~ (Quax(t) = Q(1) /2, Qs(H)]  46)

where Qmax(t) is the maximum HPO of the IES; Q(f) is the output heat energy of DHNs
and buildings; and Qs(#) is the sum of the heat energy storage of DHNs and buildings:

Qs () = Comb | THS () = TS | + Coontt Mupan | T () — Tt | 47)
HS . o . .
where T .. is the minimum temperature of the supply water for the heat sources, IES;

Mpanr is the total mass of the walls of buildings; Tl () is the wall’s temperature; and Tg‘frlll
is the lower-limit temperature of the wall.

4.2. Flexibility Indices

The flexibility of the electrical power system, including the upward flexibility and
downward flexibility, is described as [31]:

FO(E) = 3 min{ At g [P(E) — Py (£)]}
N1:l (48)
fup(t) = '§1 min{At : ri,up/ [Pi,max(t) - Pi(t)}}

1

where f7(t) and f%"(t) are the upward and downward flexibility reserves for the combined
CHP and the traditional thermal power units; 7; 4o and 7;,,, are the ramp rates of unit i;
and P; max(t) and P; nin(t) are the extrema of the active EPO.

4.3. Flexibility Assessment Models

Based on CHP’s flexibility indices, the accumulated upward/downward flexibility

model is:
Tdnwn

foown = Y flown(t)
t=1 (49)

Tup
fur = Elf”p(t)
where T is the hours of valley/peak periods.

4.4. Flow Chart

Based on the previous DHNs” models and building models, the EHS dispatch model,
and related flexibility indices, the flowchart is shown in Figure 6.

According to Figure 6, the process is as follows:

(1) Based on the EHS parameters, models of DHNs considering thermal characteristics
of both TS and temperature TTD are established (Equations (1)-(18)). The remaining models
of the integrated EHSs, including models of electricity networks and buildings, are further
established (Equations (19)—(22)).

(2) The objective function is established for optimal dispatch. The objective is to
minimize the daily operation cost of the EHS (Equations (23) and (24)). And the constraints
are built by organizing the above-established models, including the constraint of the nodal
power balance in electricity networks, the electrical power transmission limit, the phase an-
gle constraints, the output active power constraint of the generator, the ramping constraints
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of CHP and the thermal power units, the electric power output and heating power output
of CHP, and electric power output limit of the wind power generator (Equations (25)—(32)).

(3) We choose the heating power of CHP as the benchmark, and express the power
supply of CHP as a piecewise linear function about the heating power to achieve the
linearization of the CHP electricity-heating coupling curve. Based on the maximum heating
power output, and electricity—heating coupling relationship of CHP, we obtain the electric
and heating power output constraints of CHP (Equations (33)—(47)). By incorporating
various constraints into the constraints of the objective function, the above equation system
is combined to obtain the quadratic programming mathematical form of the original
optimization scheduling problem.

(4) We solve the quadratic programming problem with the QUADPROG solver. In
mathematics, this model belongs to a quadratic programming problem and has a unique
solution, so it can be solved using any quadratic programming solver. The QUADPROG
solver in MATLAB was used in the study. The solution result was also validated using
other software, such as the solver in Python 3.7.

(5) We determine whether the model parameters change. Then, we adjust the parame-
ters, and then obtain different results under different conditions.

(6) We output the final optimization dispatch results. Then, we assess the flexibility
(Equations (48) and (49)).

Input parameters of integrated
electricity-heating networks

Establish the model of DHNs considering thermal
characteristics of both heat storage and temperature
transmission time dalay

l

Establish the remaining models of the integrated
electricity-heating networks

!

Establish the objective function and organize
constraints

l

Solve the QP problem with QUADPROG solver

parameters of model and environ
change?

Output the final optimization scheduling results

Assess the scheduling flexibility and adjustment
flexibility based on the optimized results

End

Figure 6. Flowchart of CD and flexibility assessment for the EHS.

5. Case Study

The proposed models consider the thermal characteristics of both TS and temper-
ature TTD for DHNs. The thermal characteristics of the TS of residential buildings are
also considered. The optimal dispatch is then carried out. The flexibility assessment
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is further conducted. The QUADPROG solver implements the optimal CD model in
MATLAB software.

5.1. Six-Node Power Grids with a Six-Node DHN
5.1.1. Structure and Equipment Description

Figure 7 shows the structure of the EHS. The community is a residential building.
Gl and G2 are two thermal power plants. Both CHP and WP are constructed at bus
6. The detailed parameters and system structure diagrams of the system are shown in
Appendices A-C [28].

Electrical power networks District heating networks
b3 || Buildingﬁ 1
4 ! E
- Bs2 BS3T1— ! | | | E
o Nd5 @ Nd6
—{]
—
E —
| Bs4 = ® ° ]
: Nd2 Nd3 Nd4 ——1 |
D1 Buildings 2 |

Figure 7. Structure diagram of the six-node power grids with a six-node DHN.

The simulated maximum electrical power load of user loads (in Bus 3, Bus 4, and Bus
5) and the maximum WP (in Bus 6) capacities are 207.5 MW and 28.4 MW, respectively. The
electrical power load is dispatched by the power grid company. In Figure 8, the forecasted
WP and daily electricity loads are presented [28,31].
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Figure 8. The electricity load and the forecasted WP.
The ambient temperature of outdoor air varies in the range of —17.79 °C to —8.8 °C.

The maximum heating loads at node 4 and node 5 (residential buildings) are 23.58 MW and
29.68 MW, respectively. The minimum heating loads at node 4 and node 5 are 5.90 MW
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and 12.37 MW, respectively. The ambient temperature, and heating load at nodes 4 and 6
are shown in Figure 9 [28,31].

35 L] L] L] L] L] o 6
l— Node 4 Node 5 —— Ambient temperature (°C)
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-16
0 1 1 1 1 1 -18
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Time (h)
Figure 9. Heating loads of node 4 and node 5 and the ambient temperature of outdoor air.

The comfortable temperature of indoor air is 18 £ 2 °C. In this study, the set standard
temperature indoors is °C. Considering the thermal inertia of the walls, the variation
range of the indoor temperature is 16~18 °C. The available water temperature is 80 + 5 °C.
The set standard water temperature is 80 °C. To utilize the thermal inertia characteris-
tics of the primary heating pipe networks’ TS, the available water temperature range is
75~85 °C. The temperature of the underground soil is —10 °C and is assumed to be constant.
Only the thermal characteristics of walls are considered to simplify the heat transmission
of buildings.

For the energy system, when there are changes in user electrical power loads, heating
loads, and wind power generation, the power grid company adjusts the input or output
power from the main power grid to maintain system balance. Compared to the typical load
day in this study, the main change is the electrical power input or output from the main
power grid.

5.1.2. Descriptions of Four Typical Cases

To study the effects of the thermal inertia characteristics of the DHNs and HPs on
the dispatch results, four typical cases are simulated. In each case, the characteristics of
the temperature TTD of the DHNSs and the heat capacity of buildings are considered. The
dispatch time interval is 15 min.

Case 1: CD without considering the heat capacity of DHNs, and without considering
the collaborative operation of the HP. In the dispatch, the supply water temperature is
adjustable, and the HPO of the HP collaboratively operates with CHP. The standard supply
water temperature is 80 °C, which can vary from 75 °C to 85 °C to meet the requirement of
optimal dispatch.

Case 2: CD considering the heat capacity of DHNs, and without considering the
collaborative operation of the HP. The standard supply water temperature is 80 °C, which
can vary from 75 °C to 85 °C to meet the requirement of optimal dispatch.

Case 3: CD without considering the heat capacity of DHNSs, and considering the
collaborative operation of the HP. In the dispatch, the supply water temperature is kept
constant, at 80 °C.

Case 4: CD considering the heat capacity of DHNs and the HP. In the dispatch, the
supply water temperature is adjustable, and the HPO of the HP collaboratively operates
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with CHP. The standard supply water temperature is 80 °C, which can vary from 75 °C to
85 °C to meet the requirement of optimal dispatch.

5.1.3. Analysis of the Economic Performance

The total cost refers to the fuel cost of CHP at the heat source and thermal power
generation units to meet the energy system’s power and heating balance consumption;
the cost of the DHN refers to the fuel cost of CHP at the heat source and thermal power
generation units to meet the heating balance consumption of the energy system, including
the heat demand of users and the heat loss transmitted by the heat network; the WP utilized
refers to the accumulation of the wind power generated by wind turbines at each moment
that is consumed by the grid. The cost comparison between the four cases is shown in
Table 2.

Table 2. Costs and utilized WP comparison between four cases.

Cases Total Cost ($) Total Cost of DHN:s ($) Total Utilized WP (MWh)
Case 1 11,716 2282 484.43
Case 2 11,514 2207 530.78
Case 3 11,386 2261 571.21
Case 4 11,301 2177 571.21

According to Table 2, the operating costs of the DHN and the whole EHS decrease
after using the heat capacity of DHNs without HPs (Case 1 and Case 2); and the operating
costs of the DHN and the whole EHS decrease after using the heat capacity of the DHN
and HPs at the same time (Case 2 and Case 4). This shows that the heat capacity of the
DHN, whether for the system with HPs or without HPs, whether it is a separate DHN
or the whole EHS, can reduce the operation cost; the operating costs of the DHN and the
whole combined heat and power EHS have decreased after using the HP without TS (Case
1 and Case 3); and the operating costs of the DHN and the whole EHS have decreased after
using the heat capacity and HPs at the same time (Case 2 and Case 4,). This shows that
the combined use of HPs in the CHP system, whether for the system with or without TS,
whether it is a separate heating system or the whole EHS, can reduce the operation cost.

The operation cost of the system decreases the most when both the heat capacity
and HPs are used, as in Case 4. However, the decrease in operating costs is small. The
WP accommodation of the whole system has increased greatly. In this case, the WP
consumption increased from 484.43 MWh to 571.21 MWh, an increase of 17.9%. This shows
that it is difficult to reduce the operation cost by using the heat capacity of DHNs or HPs;
however, HPs and the heat capacity of DHNs can be used to enhance the flexibility and the
consumption of WP.

5.1.4. Analysis of the WP Accommodation

In Case 1, the operation of the EHS does not use HPs or the heat capacity of DHNSs.
The WP generation and curtailment of the whole system are shown in Figure 10. The
periods of wind curtailment are from 9:15~9:30 and from 10:15~15:00, which are mainly due
to the large WP generation and small electricity load of users during the period. Because
of the large amount of WP curtailment and long duration in the period of 9:15~15:00, the
following discussion of WP accommodation under different cases mainly concentrates on
this period.

In Figure 11, the supply water temperature comparison is presented. Usually, through
the TS of DHN:s, the electricity can be temporarily stored in advance in DHNSs in the form
of thermal energy, to release heat at the stage of excess WP generation, and reduce the
power supply of the IES during the stage. The peak load for the EPO can be shifted and the
wind power penetration of the EHS can be increased.
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Figure 10. WP generation and the curtailment under Case 1.
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Figure 11. Supply water temperature comparison under four cases.

The WP curtailment comparison under four cases is shown in Figure 12. Combined
with Figures 11 and 12, it is found that the WP in Case 2 is smaller than that in Case 1,
especially in the period of 10:15-11:00 and 13:30-14:30, which verifies the above conclusion.

In Case 3, the WP curtailment is significantly smaller than that in Case 2, especially in
the three periods of 9:00-9:30, 10:15-11:15, and 13:00-15:00. This shows that the HP can
enhance the flexibility, and, thus, increase the WP accommodation of the EHS, and the
effect is larger than through the heat capacity of DHNs. The main reason is that the value
of the heat capacity of DHNSs is smaller than the value of the electricity generation of the
IES and WP, which makes it easy for DHNSs to reach the state of TS saturation.

In the four cases, the order of the WP curtailment is Case 1 < Case 2 < Case 3 = Case
4. On the one hand, it shows that HPs have a better effect than using the heat capacity of
DHNSs in improving WP consumption; on the other hand, the WP curtailment curves of
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Case 3 and Case 4 coincide in this period, which means the effect of using both the HP
and heat capacity of DHNs and the effect of using the HP alone is the same for improving
the WP consumption. In this circumstance, the heat capacity of DHNs does not have the
potential to improve WP consumption. It can be seen from Table 2 that Case 3 and Case 4
have the same WP consumption. This shows that the HP is better than the heat capacity of
DHN:s for increasing the REE accommodation. When the two are used together, only the
HP affects the REE consumption.
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Figure 12. WP curtailment comparison under four cases.

5.1.5. Flexibility Analysis of the IES

According to Figure 5, the heat capacity of the DHN can not only absorb the excess
electricity, thus improving the downward flexibility of the IES, but also release the heat
stored in the DHN, thus improving the upward flexibility of the IES. However, the HP can
only improve the downward flexibility of the IES by consuming electricity, but it cannot
release heat or electricity without consuming extra energy. The HP cannot improve the
upward flexibility of the IES.

The change in flexibility of the IES is reflected in the output of electricity and heat. To
analyze the effect of the change, the EPO of the CU under four cases is assessed and the
results are shown in Figure 13. There is a large amount of WP curtailment from 9:00 to
15:00. At this time, the collaborative dispatch of the power generation and heat supply of
the IES can reduce the power generation, which will help the electricity networks absorb
excess WP and enhance the WP accommodation capacity. Comparing Case 1 and Case 2, it
is found that the lower limit of the EPO of the IES can be effectively reduced by using the
heat capacity of DHNS, to reduce the EPO power and enhance the accommodation of WP.
The dispatch flexibility of the IES in Case 2 is higher than that in Case 1.

The results from Case 2 and Case 3 (or Case 4) mean that the lower limit of the EPO of
the IES can be reduced more effectively by using the adjustment capacity of HPs, and the
EPO can be greatly reduced, to improve the consumption of WP. Therefore, the heat capacity
of DHNs and HPs can improve the downward flexibility of the IES. The improvement of
HPs is larger and the effect is better than DHNSs.
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Figure 13. EPO of the CCHTS under four cases.

The comparison of the total EPO and HPO of the CU and HPs under the four cases
is shown in Table 3. It can be found that Case 1 and Case 2 do not use HPs, and the
heat-to-power ratio during the whole day is close to 1. This indicates that using the TS of
DHNs alone has a limited effect on improving the heat-to-power ratio. The heat-to-power
ratio is greater than 1.0 due to the use of HPs (Case 3 and Case 4), which indicates that the
HP can output less electricity in the circumstance of the same HPO. The use of HPs helps
to absorb more WP and cope with the fluctuation of power generation.

Table 3. Comparison of the total EPO and HPO of the CU and HPs under four cases.

Cases Electricity Output (MWh) Heating Power Output (MWh)
Case 1 1500.8 1500.6
Case 2 1453.3 1445.3
Case 3 989.5 1486.3
Case 4 984.6 1424.8

5.1.6. Flexibility Assessment

In Figure 14, the flexibility under the four cases is presented. By comparing Case
1 and Case 2, it can be found that, after using the heat capacity of DHNs, the upward
flexibility of the system barely increases. Because the heat capacity only transfers the
period of the EPO, and increases the upward flexibility of the system in some periods,
but decreases the upward flexibility in other periods, the accumulated upward flexibility
almost does not increase in one operation cycle. After using the HP, the upward flexibility
increases significantly, and the increased range is greater than when using the heat capacity
of DHN's alone.

The results from Case 2 and Case 4 mean that the increase in upward flexibility is
significant with increasing HP in the circumstance of using TS of DHNs; compared with
Case 3 and Case 4, it is found that the increase in upward flexibility is small with the
increasing HP in the circumstance of using the heat capacity of DHNs. Therefore, it can be
concluded that the upward flexibility improvement of HPs for the EHS is greater than that
of the heat capacity of DHNS.
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Figure 14. Flexibility of the EHS under four cases.

The results from Case 1 and Case 2 indicate that the downward flexibility changes
are minor after using the heat capacity of DHNs because the TS network only transfers
the period of the EPO. The influence of heat capacity on downward flexibility is consistent
with that of upward flexibility. After using the HP, the upward flexibility is significantly
increased, and the maximum is about 10 times that of the original. For the EHS, using the
HP can greatly improve downward flexibility.

5.1.7. Flexibility Assessment of the COP of HPs

In this study, the maximum electric power consumption of the HP is 20 MW, and the
available ratio, kyp.cpp, is set to 1.0. The influence of the change in COP is analyzed. The
minimum EPO of the IES about Q is

36 — Q(0.3 +0.5/COP), 0< Q<40
(PCU) ={ 68+0Q(043-05/COP), 40<Q <40-COP (50)
i 6.8 4+0.86Q — (0.86COP +1)-20, Q >40-COP

Then, the discussion can be classified into two circumstances: (1) COP < 1; and
(2) COP > 1. For the first circumstance, the HP can be seen as the special electricity—heat
conversion device, such as the electric boiler; and the COP can be assumed to be 1.00. For
the second circumstance, the HP is the typical electricity—heat conversion device, and the
COP can be assumed to be 2.5. Changes in electrical power-heat coupling characteristics
along with the COP of HPs are shown in Figure 15.

From Figure 15, it can be concluded that the downward flexibility increases with the
COP of HPs. When the HPO power is greater than 40 MW, if the COP of HP is higher than
1.0, the electricity-heating coupling curve is a piecewise linear function. In the beginning,
the HPO of HPs gradually increases, which is the curve C,-C’, and the maximum heat-to-
power ratio slowly decreases; then, the HP reaches the upper limit of the rated heating
output capacity. At this time, the HPO of the HP no longer increases with the increase in
HPO of the CHP, and the maximum heat-to-power ratio of the whole system decreases
rapidly. This is the curve C’-B’. If the COP of the HP < 1, the maximum HPO of the HP is
always the rated HPO when the HPO of CHP is greater than 40 MW and does not change
with increasing HPO. At this stage, the maximum heat-to-power ratio of the whole system
decreases rapidly with increasing HPO, which is the curve C;-B’. When the HPO is large
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with the increase in the COP of HPs, the maximum heat-to-power ratio increases, and the
downward flexibility increases.
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Figure 15. Change of electricity-heating coupling characteristics along with the COP of HPs.

5.2. 39-Node Power Grids with a 12-Node DHN

In this section, the 39-node power grids with a 12-node DHN are constructed as an
example for analysis. In Figure 16, the structure diagram of the whole system is presented.
The power grids consist of nine thermal power generating units and two wind turbine
generator units, which are coupled with a six-node DHN at nodes 25 and 31. The parameters
of the DHN are described in Section 5.1. Detailed parameters of the power grids are shown

in [31].
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Figure 16. The structure of the 39-node power grids with a 12-node DHN.

It can be found in Section 5.1 that, compared with the use of heating networks and
buildings with TS, the flexibility of the whole system has been greatly improved and the
renewable energy consumption of the system has been significantly improved after the
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use of HPs for electric-to-thermal energy conversion. In this section, the impact of HPs on
power supply flexibility and REE accommodation is studied.

5.2.1. Wind Power Accommodation Analysis

The impact of HPs on the REE consumption of the whole system can be obtained. To
avoid the impact of TS on the heating network, Case 1 and Case 3 are selected for compari-
son. Compared with Case 3 and Case 1, the excess wind power consumed by Case 1 and
its ratio to the total wind power generation at that time (increased REE accommodation
rate) is shown in Figure 17.
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Figure 17. Comparison of the increased wind power accommodation and the increased wind
accommodation rate between Case 1 and Case 3.

Due to the low ambient temperature, the COP of heat pumps is generally small. When
the COP of the heat pump is 1.50, the overall wind power consumption rate increases from
50.45% to 55.50%, an increase of 10.0%. According to Figure 17, compared with Case 3,
in Case 1, from 2:00 to 4:00, from 5:00 to 7:00, and from 23:00 to 24:00, the wind power
consumption has increased significantly in these five hours. This shows that the power
supply of the CHP unit can be reduced during this period through the role of a heat pump
in absorbing wind power as much as possible.

5.2.2. Wind Power Accommodation with COP Change in Electric-to-Thermal
Energy Conversion

The COP of the electric-heating conversion equipment has a significant impact on the
REE accommodation capacity. When COP < 1.0, the typical electric-to-heating devices are
electric heaters; when COP > 1.0, the typical electric-to-heating devices are HPs. COP > 2.0
describes the normal operation range of the heat pump COP; when 1.0 < COP < 2.0, it is
only used in some special circumstances.

In Figure 18, the WP adaptation with the COP change in electric-to-heating energy
conversion under Case 3 is presented. The WP consumption rate gradually decreases
with an increasing COP of electric-to-thermal energy conversion. This is mainly because,
with the increase in COP when the same heat power is supplied, the heat pump power
consumption decreases, resulting in the excess wind power not being fully consumed.
At this time, CHP operates in the left area of C” in Figure 15. When COP > 2.0, with an
increasing COP, the decrease in the wind power consumption rate slows down significantly,
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which means that the curtailment of WP is close to saturation with the enhancement of the
HP COP.
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Figure 18. Wind power accommodation with COP changes in electric-to-thermal energy conversion
under Case 3.

At the same time, the operating cost decreases with the enhancement of HP’s COP.
The power consumption is decreased with the enhancement of HP’s COP, leading to a
decrease in electricity consumption and electricity cost savings.

6. Conclusions

In this paper, the power supply characteristics of a coupled CHP-heat pump-thermal
storage system (CCHTS) and the characteristics of renewable energy accommodation are
studied. In the case study of four typical circumstances, the results of energy supply
flexibility and renewable energy consumption are compared. The conclusions of this study
are as follows:

The heat pump is introduced in an electricity—heating IES for system flexible dispatch.
By using the HP, the minimum energy supply power can be extended, but the maximum
energy supply area will not be changed; by using the TS, the minimum and maximum
external energy supply areas will not be changed.

Detailed indices of the IES with coupled HPs are defined. For the coupled multiple-
energy system, by analyzing the maximum and minimum energy supply boundary of
the energy conversion equipment and establishing the corresponding constraint models,
the multi-energy coupling system model and the energy flow optimization method can
be combined to improve the capability to respond to highly fluctuating loads with the
improved energy supply flexibility.

In the case study of six-node power grids with a six-node DHN, the CCHTS (Case 4)
can significantly improve wind power consumption. Compared to the CHP system without
HP and TS (Case 1), the WP consumption increased by 17.9%. Both CHP + heat pump (Case
3) and CHP + TS (Case 2) can enhance the power supply flexibility, but the improvement
effect of CHP + HP on the power supply flexibility is better than that of CHP + TS. A 7.6%
increase in WP consumption is achieved in Case 3. When CHP + HP + TS (Case 4) is used,
compared with CHP + HP (Case 3), the flexibility of the system energy supply does not
increase significantly. In the case study of 39-node power grids with a 12-node DHN, HPs
can increase WP accommodation by 10.0%.
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To enhance the flexibility of the EHS and the consumption of REE, a coupled model of
HPs with CHP is proposed. In the case study, the maximum upward flexibility increases
to 1.34 times that of the original, and the maximum downward flexibility increases to
10.1 times that of the original.

By studying the characteristics of the operating curve of CHP equipment, an opti-
mization scheduling method is proposed for an integrated energy system composed of
DHNSs, CHP, HPs, and HS, which aims to improve the operational flexibility of the system
by co-ordinating the operation of multiple components. This method is based on the flexi-
ble electricity-heating supply characteristics of CHP and achieves the coupling of DHNSs,
CHP, HPs, and HS by flexibly changing the electricity and heat output power within the
operating range of the electricity-heating coupling characteristics.

Because the electricity-heating coupling characteristics model of CHP is expressed as
a piecewise linear function, the overall model belongs to a quadratic programming model,
which has unique mathematical solutions and can be solved using a standardized quadratic
programming solver, significantly reducing the modeling complexity and solving difficulty
when optimizing schedules for the system.

Considering the characteristics of the energy storage cycle of hydrogen storage, HS,
batteries, and other equipment, in future research, it is necessary to study the coupled
characteristics between various energy storage devices at different energy storage time
scales, to further improve the scheduling flexibility of the integrated system composed of
CHP, HPs, and HS, and achieve carbon reduction.
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Nomenclature

A. Parameters

A Area of the building

A;"i”d"w The jth wall’s whole area of the window

B Nodal admittance matrix

Cw Specific heat capacity of water

Cuj The jth wall’s heat capacity

Dg Diameter of pipeline

fP Upward and downward flexibility reserves
fown Downward and downward flexibility reserves
Kaelay Thermal delay coefficient

L The pipeline’s length

My Total mass of the walls of buildings

my Mass flow rate

Niuitding Number of buildings

PSHP Electrical power output of the CHP unit

P; max Maximum extrema of the active EPO

P min Minimum extrema of the active EPO
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Ruindow

Ti down

B. Abbreviation
CCHTS
CD
CHP
cu
DHN
EHS
EPO
HPO
HP

IES
REE

TS
TTD
WP

Appendix A

Consumed electrical power of the HP
Heating power output of the CHP unit
Output heating power of the HP

Radiative heat flux density

Thermal resistance

Thermal resistance of the windows
Downward rates of unit i

Upward ramp rates of unit i

Ambient temperature

Temperature at node i

Temperatures of the supply water at node i
Temperatures of the return water at node i
Adjacent nodal temperature

The jth wall’s temperature

Minimum temperature of supply water for the heat sources
Wall’s temperature

Lower-limit temperature of the wall
Temperature transmission delay

Time interval

Temperature difference

Heat-absorbing coefficient

The jth wall’s heat transfer resistance
Thermal insulation materials’ thermal conductivity
Thermal insulation material’s thickness
Phase angle

Efficiency of the heat exchanger

Reactance of the feeder

Heating load

Coupled CHP-heat pump-thermal storage System
Collaborative dispatch
Combined heat and power
Combined unit

District heating network
Electricity-heating system
Electrical power output
Heating power output

Heat pump

Integrated energy system
Renewable energy electricity
Thermal storage

Time transmission delay
Wind power

Table Al. Parameters of the 6-bus electrical power networks.

Branch x
1-2 0.17
1-4 0.258
2-3 0.197
2-4 0.018
3-6 0.037
4-5 0.037

5-6 0.14
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Appendix B

Table A2. Parameters of the 6-node DHNSs.

Pipeline Length (m) Velocity (m/s) Mass Flow (kg/s) Diameter (m)
1-2 3200 1.778 502.7 0.60
2-3 2810 1.560 306.4 0.50
2-5 2810 1.562 196.3 0.40
34 2800 1.558 110.1 0.30
3-6 2810 1.562 196.3 0.40
Appendix C

Table A3. Parameters of fluid.

Items Parameters Value Unit

0 Water density 1000 kg/m?3

Cuw Specific heat of the water 4.2 kJ/(kg-°C)
A Thermal conductivity 0.063 W/(m-°C)
h Heat transfer coefficient between the wall and the air 17.20 W/(m-°C)
Tam The temperature of the soil —-12 °C

n Heat exchange coefficient 0.92 \

Cuant Specific heat of the wall 0.92 kJ/(kg-°C)
Owall The density of the wall 2500 kg/ m?
Muan The total mass of the wall 42,139,000 kg
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