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Quantification of Flexibility of a District
Heating System for the Power Grid

Xiandong Xu, Quan Lyu, Meysam Qadrdan, Jianzhong Wu

Abstract—  District  heating systems (DHS) that
generate/consume electricity are increasingly used to provide
flexibility to power grids. The quantification of flexibility from a
DHSischallenging dueto its complex thermal dynamicsand time-
delay effects. This paper proposes a three-stage methodology to
quantify the maximum flexibility of a DHS. The DHS is firstly
decomposed into multiple parallel subsystems with simpler
topological structures. The maximum flexibility of each subsystem
isthen formulated asan optimal control problem with timedelays
in statevariables. Finally, theavailableflexibility from theoriginal
DHS is estimated by aggregating the flexibility of all subsystems.
Numerical results reveal that a DHS with longer pipeines has
mor e flexibility but using this flexibility may lead to extra actions
in equipment such asthe opening position adjustment of valves, in
order to restore the DHS to normal states after providing
flexibility. Impactsof thesupply temper atur e of the heat producer,
the heat loss coefficient of buildings and the ambient temperature
on the available flexibility were quantified.

Index Terms— District heating system, flexibility, optimization,
power grid, transport delay.

NOMENCLATURE

CHP Combined heat and power

DER Distributed energy resources

DHS District heating system

TCL Thermostatically controlled loads

t Time

to Start time of flexibility provision

ty The duration that a building can sustain above
the minimum temperature without heat supply

Prexis  The flexibility of an individual system

Priexis ~ The maximum flexibility of an individual systen

P,.cuar  The magnitude of electricity that an individual
system imports from/exports to the power grid

Piesirea  The electricity generation/consumption of an
individual system during normal operation

tmin Minimum duration for flexibility provision

T Temperature of the heating network and
buildings

Ny The number of states in the DHS

N, The number of pipelines

T The transport delay of pipeline
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Qn Heat producer output

Q4 The desired heat producer output

Qriexis  The allowance of mismatch betwe@p andQ,

Tomb The outdoor temperature

PAemane Flexibility demand of the power grid

Yh2p Heat to power ratio of the coupling unit

Qy Lower bound of heat producer output

Q, Upper bound of heat producer output

Ty The temperature of the heating network

T, Lower bound offy

T; Upper bound of

T, Temperature of buildings

T, Lower bound off'},

T, Upper bound of,

triexis Duration of flexibility provision

Qgps Constraints of the heating network and buildin

3 The initial state of the DHS

mg The flow rate at the producer side

m; The flow rate at the demand side

Ns The number of heat substations

Vp,i The flow velocity of branch pipelinie

Ay Cross-sectional area of trunk pipeline

Ap; Cross-sectional area branch pipeline

leg Length of trunk pipelind

lp; Length of branch pipeline

v Flow velocity of water in trunk pipelink

Tai Transport delay of subsystem

Qu,; Desired heat supply to th€ subsystem

Qq,i Lower bound ofQ, ;

5(1,1- Upper bound 06, ;

Tfo,i Output temperaturat the primary side of the
building heat exchanger in subsystem

Tz’fo‘i Output temperaturat the secondary side of tk
building heat exchanger in subsystem

T? Supply temperature at the secondary side of
producer heat exchanger

TP Lower bound ofr?

TP Upper bound of?
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Ty ; Equivalent building temperature of subsystem  systems [2] To employ this solution, the concept and
Ty Lower bound off} ; architecture of integrated energy management system are
Ty Upper bound of,; presented in [3], which for the first time truly breaks down the
T, . Surrounding temperature of pipelines \rllv'alrl15| betwaen pllfferent energy systems ar|1df|mp=§mants
Qs Thei™ heat producer output ighly coor |nat|ye management gnd control of multi-energy
n t Number of intervals for the discretized equatio flow in real applicationsHereby in the context of energy
u . ; . q system integratianthe flexibility refers to the ability that an
Frlexis ~ The maximum duration of a flexibility service di d T lectrici
The dimension of the discretized DHS model energy system can adjust and maintain its electricity
Nflex . . generation/consumption within a given period so as to support
Ny j The number of discretized steps of jHalelay the operation of power grids [4].
Tin Inlet temperature of the pipeline. -
Tout Output temperatures of the pipeline A. Sources of Flexibility
Thermal m ineli The heat sector is among the major candidates for providing
fo odel of the pipeline. ne _ : es
) Overall heat transfer coefficient of the pipeline flexibility to power grids [5][6] if the heat production is coupled
c Specific heat of water to electricity consumption/generation [7Through demand
w . Oy . .
TP Return temperature at the secondary side of a response, buildings supplied by heat pumps or electric heaters
T exchanger can provide flexibility to power grids. Such flexibility has been
m Flow rate at the secondary side of a h widely embraced by utilities [8]. In a district heating system
P exchanger (DHS), besides the available flexibility from adjusting heat
Y, Inlet temperature at the primary side of t iﬁadtiOf bu;l@ngi [Q]f’ it 'f pqssygle to plr_o;_l;lre Illex_'g,'ll_'ty from
building heat exchanger. e thermal inertia of water inside pipelinge flexi ility is
le.o Output temperature at the primary side of - then tran;ferred _to ;i%wer gnc:); v:jahheat pijoducers, such as
building heat exchanger. poyverto eat .unlts [. _pr c_om |ne. eat an powgrf(l@)
Tb. Inlet temperature at the secondary side of units [11] This flexibility is provided by controlling the
“ building heat exchanger. electricity consumption/generation of heat producers in
sz,o Output temperatures at the secondary side of ::oordmanon with the.p|peI|nle netwc_)rk [12] and bu|ld|r)gs .[13].
building heat exchanger. n C'HP systems, reciprocating engines anq a}ero-derlvats/e ga
mb Mass of flow inside the primary circuit of th turbines are often used for producing elect_rlcny and hea_t. They
building heat exchanger. have_ fast ramp rates _and thus are feaS|b_Ie and fI_eX|bIe for
mb Mass of flow inside the secondary circuit of t providing ancillary services [14fFor example, if a CHP is used
2 building heat exchanger. as the heat producer and frequency response is chosen as the
Hb Heat loss coefficient of the building. flexibility service, the CHP will increase its electricity
C, Heat capacity of the building generation when a low-frequency response is activated.
my, Flow rateat the secondary side of the buildir Altho;gh one %HP unit haa;llml(';ed capamty,f the freciL_lelncy
heat exchanger can be restpre via ag_gre_gate  response from mutl_pe CHP
k, Overall heat loss coefficient of the building units following the activation signal from power grida.

I. INTRODUCTION

flexible CHP system at Princeton University which was
designed to support campus’ heat and electricity needs, has
been employed to enable frequency regulation [15].

THE integration of intermittent renewable energy sources |, Europe whereDHSs are well developed, the DS

poses severe challenges to power grids, partigularthe

provide flexibility to power grid by participating in energy and

balance of electricity supply and demand. The short-termynjjjary services markets [L6Through these markets, DHS
imbalances may lead to not only technical issues such @gners can access to extra revenue streams, which give them
significant frequency fluctuations but also the volatility ofcentives to release their flexibilitin a case study in Belgium
electricity prices. For instance, in May 2017, the electricityﬂ]’ it has been shown that a total cost decrease of 5% could
price in Great Britain reached £1,510/MWh due to a suddep schieved by using CHP to provide balancing services.
drop of wind power along with the outage of an interconnect@lpoiting flexibility from the heat sector is also a cost-
[1]. This figure is almost 30 times higher than the averaggfective solution to facilitate the integration of renewable
wholesale electricity price in Great Britaifo mitigate the energy [18] and mitigating power grid constraints [19].

adverse impacts of variable renewable generation on the

operation of powe grids, additional forms of flexibility B. Challengesof Flexibility Quantification

provided by energy storage and demand response are requiredraditionally, DHSs are operated to follow local heat
Such flexibility can help power grids managing periods of higdemand, which changes relatively slpwOperators control the
variability in electricity demand and supply. Due to high capitaupply temperature and the flow velocity of water in pipaline
costs and potential environmental impacts, grid-scale electri¢almeet the heat demand [20]. When a DHS is used to support
storage is not widely used. A more economical solution is the operation of power grids, more frequent adjustments to the
use energy storage that already exists in gas and heat sumgbdgtricity generation/consumption of the heat producer are
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required. These adjustments consequently affect the DHSlity operators to screen flexibility providers from existing or
operation. The heat supply fluctuations are then propagatechmnv DHSs that have intentions to support the power, gjid

the whole DHS [21]. To provide more flexibility, the DHS mayKey factors that affect the flexibility of DHS were identifjed

be pushed to its operational limits, which include comfort levethich can support DHS owners in their investment decisions
limits of households and temperature limits of pipelinen flexibility enhancement. In the case study, only a CHP is
networks A key challenge is how to quantify the maximumstudied as the coupling unit. The proposed method is applicable

flexibility of a DHS considering all these limits. to DHSs supplied by other units that connect to the power grid.
The maximum flexibility of a DHS relates to the control of
heat supply and demand. In [22], a region-based method is  Il. DESCRIPTION OFOPERATIONAL FLEXIBILITY

proposed to estimate the flexibility of DHSs, which reduces t
energy cost and wind curtailment without relying on detailed
models of DHSs. In [23pptimal control of a system of CHP,
furnace, and batteries is used to exploit the flexibilityaof
hybrid energy systentlowever, the thermal inertia of buildings Priexis(t) = Pacutuar (t) — Paesirea (t) 1)

and water in pipelines as well as the transport delay of heat afeereP,...q; (t) represents the magnitude of electricity that the
not consideredn [11], the CHP operation is optimized basedndividual system imports from/exports to the power grid
on an aggregated load model. The slow flmslocity in  during the flexibility provision periodPy.sir.q(t) represents
pipelines leads to considerable transport delays in the h#ag electricity generation/consumption of the individual system
supply of DHS, particularly when there #&long distance during the normal operationThe DHS provides upward
between heat producers and consumers [2¥se delays give flexibility when Py ;s (t) > 0, and downward flexibility when
challenges to solution algorithms for the flexibility estimatiorPy,,,;(t) < 0.

of DHSs, due to additional variables in describing delayed The flexibility can be used for peak shaving or ancillary
states. services, which have different duration requiremerfis:

In [25]-[26], the flexibility from heat transfer process isexample, in Great Britajsecondary frequency response should
considered for the dispatch of coupled power grid and DHsgstain for a minimum of 30 minutes [29] while short-term
based on steady-state modeisom the viewpoint of DHS operating reserve should sustain for a minimum of 2 hours [30].
operation, provision of flexibility also needs to ensure the Assume thaP; e, is the maximum flexibility thaa DHS
security of heat supply in short terms. A more detailed model s, provide within a minimum duratioty,;, , then the
required. to quantify. the maximum flexibility. In [2'7]',. A flexibility requested by the power grid satisfies
geometric approach is proposed to aggregate the flexibility of V&€ (to,to + trrin] |15 ' | > Prioais (1) @)
thermostatically controlled loads (TCLs), which are represented 050 T tmind I flexis| = “rlexts
as ON/OFF units. The regulation of individual TCL does ndB. Flexibility Provision froma DHS
affect the flexibility of other TCLs. For the DHS, the geometriq) Description of the DHS
approach needs to be enhanced by incorporating continuoushis paper studies a DHS with a radial structure, which is
behavior of heating systems and mutual impacts of regulatigndely used in practice. Main components of the DHS include
of various TCLs via pipeline networks. In [28], the flexibility a coupling unit a network of pipelines, heat substations and
of multiple distributed energy resources (DERs) with knowBuildings as shown in Fig. 1. The coupling unit refers to energy
flexibility domains is aggregated. However, the impact of thgonversion technologies that link two or more energy systems.
heating systems on the DERs as well as dynamic evolution|gfthis paper, the coupling unit is the heat producer, which could
flexibility is neglected. be a CHP or a power to heat unit such as an electric heater or a

Note that the market conditions of power grids also play eat pump that links the DHS to the power grid. A CHP
key role in exploiting the flexibility. Utilities have to pay produces electricity and heat simultaneously, while a power to
flexibility providersto obtain services, when an imbalance imeat unit produces heat and consumes electricity. The coupling
electricity supply and demand occurs. Provision of flexibilityinit is necessary for using the flexibility of DHS to support the
services is based on capability of flexibility providerspower grid. If a heat producer lileeyas boiler is used, changing
Operators of the DHS can decide how much flexibility will b@he heat Supp|y of DHS has minor impact on the power gr|d

sold to power grids. However, the operators must know thgen no flexibility can be provided by the DHS to the power
maximum amount of flexibility that a DHS can provide in ordegrid.

Definition of Flexibility for the Power Grid

For a given timet, the flexibility of an individual system
Prexis (t) can be expressed as

to avoid disrupting heat supply to customers ‘
C. Main Contributions of This Paper

This paper focuses on a radial DHS supplied by a heat . R
producer that couples power grid and the DHS. Main work Egsv';’._f ‘
includes: 1) A model-based method was proposed to help DHSarid heat unj
owners to evaluate their maximum change of electricity f B S':gg}y
generation/consumption for flexibility provision under given LocaD'eizcr:zc'ty '

operating conditions; 2) Evaluation criteria were defined fqfig 1 schematic representation of a DHS coupled with theepayid.
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2) Control of the Heat Producer to Support the Power Grid [32]. When providing flexibility, changes in the output of heat
Under normal operations, the heat producers are controllpebducerQy,.,;s can be obtained by

to meet the heat demand of buildings. The electricity Qftexis = PriexisYn2p (4)

(generation for CHP and consumption for the power to heatag an extension of (1), heat producer output when providing

units) is a by-product and not controlle the heat demand fjexibjlity can be described by

changes, théy-product electricity will vary When used for Qn = Qu + Qftexis (5)

supportmg the power grid, the control S|g.nal of the heat To provide flexibility to the power grid, the following criteria
producer is replaced by a new control signal generateghouId be satisfied

according to the requirements of the power grid. SpecificaIIYCl) A coupling unit such as CHP or power to heat unit exists
the control signal is obtained as follows: between the power grid and the DHS;

1) If the CHP is used asa heat producer: Without .supportl 2) The coupling unit between the power grid andIhS is
thg power grid, .the CHP is opergted at the heat-driven mode. controllable. Either ON/OFF switching or output
oltpu s contralie by regulading the fusl mput of gas engines.., “Sment s alowetb the coupling uni

ihili H emand
The setpoint of fuel input is generated according to the variatig(r%a) Flexibility requirement ,Of the power gwile’”'s N Qﬂe_"is
of supply temperature of the DHS [3W/hen supporting the and heat to power ratio of the coupling unj;, satisfy
power grid, the CHP is switched to the electricity-driven mode  Pfiexts ™ * Qfiexis/Ynzp > O-
and will not follow the heat demand. This mode allows the Forasmall-scale CHPy,, can be considered as a positive
supply temperature to deviate from the setpoint as long as @instant. For large-scale CHP plants with extraction
temperatures of the DHS are within limitishas been shown in condensing turbineg;,, can be adjusted within a range [32].
[15] that this mode switching can be achieved within the tinfehe upper and lower bounds Bf, may vary as the CHP
required for frequency support to the power grid. electricity output changelf aCHP is operated at its maximum

2) It a power to heat unit is used as the heat producgfput, ;. < 0, the DHS could only provide downward
Without supporting the power grid, the unit is used fofio ity For a powerto-heat unit, vz, is equal to the
maintaining the supply temperature of the DHS at given levels fi f the unit multiplied by -1. which is negative
The electricity consumption is determined by the heat demane I|C|_en_cy_o multip oY -2, 9 '
When supporting the power grid, the heat output is adjusted L|m|tat|on_s of Flexibility Prov!sqn

A S . he operation of the DHS is limiteloly
generate more/less heat until the electricity consumption of the I —
power to heat unit meets the requirement of the power grid. & Heat producer output: Qy, is limited by@y, and@,, namely

The change of by-product heat output may result in the Iower_and upper bounds of heat producer output.
mismatch between heat supply and demand, which can bd) Heating network temperature: To meet the heat demand
accommodated by the thermal inertia of buildings and water & the DHS, the temperature of water flow in pipelines should
pipelines for a certain period. be within the lower and the upper lim[®, T|. The upper
3) Availability of the Flexibility from DHSto the Power Grid limit is set up to avoid water vaporization, which is critical for

Assuming that the water flow in pipelines is not adjustethe security of the DHS. The lower limit is mainly set up by
when providing flexibility, then the dynamic behavior of theoperators to maintain the normal operation.

DHS is expressed as (details are given in Appendix A) ¢) Building temperature: The building temperature should be
T(t) = f(t, T(t), T(t —7,), T(t —15), ..., T(t within occupants’ comfort zone, i.e. within the lower and the
- TNp)l th TW) ) Upper |ImItS[Ib, Tb] .

where T represents the state variables, which refer to thed) Transport delay: Whena flexibility provision process is
temperatures of the heating network and buildiffgs R¥r.  over, the extra/shortage of heat in the supply pipelines may lead
N, represents the total number of states in the heating netwépkincrease or decrease in building temperatures for another
and buildingsT,, represents the surrounding temperature dferiodz,. Fig. 2 shows the impact of transport delay on the
the pipelines (e.g. soil temperaturg),, and the outdoor DHS withoneproducer and one consumer as an example.

temperature of the building&,,, , Tw = [Teny Tams] € R?. T T
fiRx RMp+DXNT 5 R — RN are  given functions. 1;
represents the transport delay of pipeling-1, 2, ..., N,. N, to tot2tg —» to totrg
represents the number of pipelines. For simplicity, the pipelines Mass flow
. . Heat Heat

are sorted based on the length of their heat transport delays é@neratoJ:> :> demand
ascending ordet; <1, < -+ < Tn,- Qn represents the output
of heat producer. T

The flexibility of a DHS lies in the allowance of mismatch

to tot2eg to totrg

Qriexis DEtWEENY, and the desired heat producer out@ut
(see Appendix B for details). Fig. 2. The impact of transport delay on the DHS.

The electricity generation/consumption and the heat outputwhen the heat producer outputtgtincreases, the supply
of heat producers are constrained by heat to poweryigtio temperature changes frafy, to T’;,. T';,, can be maintained
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until t = ty, + 274, when the heated mass flowtgtgoes back | Initial mass flow and system temperatuvle
to the supply side. As the temperature of the return water ¥

increases, subsequentty,, will rise to a new value if the heat
producer output is not properly adjusted. For the heat demand,

| Stage 1 Decompose the DHS into multiple subsyst4

this rise starts at = t, + 74, and then occurs eveBnr,, Desired heat producer output
wheren is obtained by rounding off /z4]. These jumps in the and limits of each SUbsySter:
states could result in a sudden flexibility loss withy aelay. | Stage Il Estimate the flexibility of each subsystenf

For a given flexibility service periot},;s, the temperature of
the whole system needs to be within the above operatingubsystem flexibility amplitude and
constraintsyt € (t, to + tiexis + 74]. the relevant maximum durations

In real-time operation, the output of the heat prod@geis | Stage lll: Aggregate the flexibilities of all suyls$ems|
constrained to leave headroom above for providing upward or

downward flexibility when needed. Additionally, the available Flexibility boundaries of DHS for
duration of the DHS for flexibility provision needs to be upward and downward regulationis
es“_mated t(.J ensure th',at_ t,he DH,S _Can sustain for the mlnlmun]:ig. 3. Flowchart of the proposed flexibility quidication method.
period required for flexibility provision.

. . o . A. Equivalent DHS Model for Flexibility Analysis
C. Problem Formulation for Maximum Flexibility Provision

o . . To address the complexity involved in the flexibility
When the flexibility of an individual system is used 10y anification process, this paper proposes an equivalent model

acquire more profits ina market, a maximum flexibility \nich decomposes the original DHS into multiple subsystems
provision is preferred. Considering that the demand f%thasingle—producer single-consumer structure.

flexibility can be either positive or negative, the maximum Ny
flexibility of a DHS is thus expressed as upward and downward my=) m (7)
boundariesReferring to [33]the maximum flexibility within a =1

iod be f ated timal trol probl whereNsrepresents the number of heat substations.
Periodiyexis Can be formulated @ optimal control problem g g4y velocity of branch pipelinieis calculated by, ; =
with state constraints '

m;/ (pwAp,). For a radial pipeline network, the water flow of

tflexis
Maximize f |Qf1exis (8| dt a trunk pipeline that goes into a node is equal to the total flow
) 0 of branch pipes and other trunk pipes, which act as the outlet of
subject to ©) the same node [34The flow rate of trunk pipelingism, , =
3) Z?’jk m,;. The flow velocity of trunk pipelin& is expressed as
T(t) € thS' ae.te [0, tflexis + Tnp] Zévsk m; ( )
— v, ===k L 8
Qh < Qh < th ae.te [0: tflexis] . prt,k

where Qs represents operating constraints of the heatinghereA,, andA,; represent cross-sectional areas of trunk
network and buildingsQ,,s = {T(t) = [Tf(t), Tb(t)]l:Zf < pipelinek and branch pipelinie p,, representthe water density.
T; < T, Ty, < T, < T)}. £(t) € R™ represents the initial state Assume that the water inside the pipelines is incompressible
the transport delay of water flow inside a pipeline represents the
of the DHSt € [—1y_, 0] . .
P time required for the water that moves from one end to the other

One_ wayof sqlving t_he OP“ma' control _problem with time end of the pipeline [35]. Then the transport delay of subsystem
delay in states is to discretize the equations and convert th‘éan be calculated by

problem to a constrained optimization problem. In practice, a L Ly

DHS may have more than one pipelines with various lengths Tg =——+ 2 — (9)
which will significantly bring in different transport delays and Ui k=1 Vi o
increase the computational burden (see Appendix C) and tpmlgerelt_k andl,,; represent the length of trunk pipelikeand

requires a simplified method. the length of branch pipelirie _
Mathematically, the DHS can be decomposed iNto
IIl.  QUANTIFICATION OF MAXIMUM FLEXIBILITY equivalent subsystems with a single-producer single-consumer

. . . structure as shown in Fig. 4. The flow rate in each subsystem is
This paper con.S|ders the DHS wareentral contrgl sys_tem_ equal to the primary flow rate of the relevant substation in the

onthe_pro_ducer side. The heat supply of the_ DHS.IS ma'mamfﬁginal system. The flow velocity of trunk pipelitkeof each

by adjusting the supply temperature, which will ‘affect al ubsystem is equal to the flow velocity of the original pipeline

subsystemsif any subsystem reaches its operating bounda% The friction factor and the heat loss factor of the decomposed

ﬂfX'b'“ty ﬁ:O\é"?"on of the (\j/v:]ole ?Hstwt':: b(fal I'mt')t.?td' Afttrlreg— ipelines are extracted from the original pipeline. The obtained
stage method IS proposed fo estimate the fiexibility ot the rameters ensure that the decomposed systems can reflect

(see Fig. 3). hydraulic and thermal behaviors of the original system. Details
of the parameter extraction process are given in Appendix D
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Substation 1Substation 2 Substatids

T Vba TVh.z TVb,Ns Coupling
Branc Branct unit

Supply pipdine

exchanger  exchanger

Pipe 2 PipeNs EEE
Vo Vig Enn
Heat Producer Valve e
Trunk Trunk ** Trunk — Building
Pipe 1 Pipe 2 PipeN, Power Return pipeline
(8) The original system Grid Interface Thermal System
Substation 1 Substation 2
v ubstation Fig. 5. Schematic of a subsystem of DHS coupled \wigipbwer grid.
b,1
Heat Producer = H %Vbz SubstatiorNs where T;(t) = [T Tllfo,i sz,o,i Th,i]T Tw = [Teny Tamp]”™ - T¢
1 ' g .
[ Heat Producer 2 M : mf/z ! O represents the supply temperature at the secondary side of the
. Vi : : TV producer heat exchangerT?,; represents the outlet
- . ] b,Ns . o
Heat ProduceN, Th . ; e temperature at the primary side of theat exchanger of the

(b) The equivalent system Vi equivalent building in subsystemT;, ; represents the outlet

Fig. 4 Equivalent model of a centralized DHS. temperature at the secondary side oflileat exchanger of the
o . .. equivalent building.T, ; represents the temperature of the
For the DHS studied in this paper, the flow rates |n5|deq . o 9-Tb, T€p . P
L . .. equivalent buildingQ,, ; represents thié& heat producer output.
pipelines are controlled to be constant during the flexibility ’ . .

, 44, B andE can be found in Appendix E.

iSi iod. Th /deficit heat prod tput fi
provision perio e excess/deficit heat producer outpu Flexibility Quantification of Subsystems

flexibili rovision is transpor vari mands. For . ) .
exibility provision is transported to various demands. Fo For a radial DHS, the supply temperaturakgy state in the

given amplitude of flexibility demand (adjustment in electricity, .
generation/consumption), the maximum duration of flexibilityDHS control The supply tempergtu_re at the secondary side of
e producer heat exchangér is limited by

provision from a DHS is decided by the time required for th@-1 » b o

building temperature or the supply temperature to go beyond _ =T =Ts (12)

the allowable range. So, this duration is determined by physid¥nereZ’ andT{ represent the lower and the upper bounds of
characteristics of buildings and water in pipelines. ThE .

decomposition metid doesn’t affect flexibility estimation Moreover, the building temperature satisfies

results. Moreover, the decomposition analysis doesn’t directly vVt € (O, triexis T rdjl-],l’b’i STy < Tb'i (13
change the control system but brings in extra steps to flexibilifyherer, ; andT,,; represent the lower and the upper limits of
analysis. The extra steps reduce the calculation burden EQq'uivaIent building temperatucd subsysteni.

flexibility estimation of the original DHS. The results can Based on (1) and (2he maximum flexibilityof subsystem

support the decision-making of the operator for adjusting theor a period O £ 0xis Can be formulated as
power generation/consumption of the heat producer. tFlexis

To ensure that the heat in the DHS is used efficiently, the Maximize j |Qf1exis, (D) |dt (14
return temperature at the primary side of the heat substation i%. 0
controlled to be operated at its minimum value, which can be ject to

. S ) . (11)-(13)

achieved by adjusting the flow rate during the normal operation —
Therefore, the heat supplied to demasgroportional to the Qni = Qni = Qy, (159
flow rate of water transported to the heat substef36]. The ~ The lower and the upper bounds of output of heat producer
desired heat supply to thé&" subsystem@Q,; can be canbe expressed@s; = %Qn, Qn; = ﬁ@h-
approximated by o o

oomy B. Estimation of Maximum Flexibility Provision
Qai = % m Qa (10 1) sage!: System Decomposition:
1) Subsystem Model - Assume that the DHS includBisbranch pipelines connected

The behavior of the decomposed subsystems can tgethe same trunk pipeline system. Then the original DHS is
described by a power-interface-thermal system model as shofijided intoNs subsystems through the following steps:
in Fig. 5 The heat is injected into the primary network through Step1.1: Measuring the flow raten at the primary side of
a producer heat exchanger. The secondary network is studied§sheat substations, wherd., 2, ..., Ns;
a part of the equivalent building which extracts heat from the Step 1.2: Decomposing the original DHS ihgsubsystems;

heatingnetwork through a building heat exchanger. Step 1.3: Calculating th desired output of heat producer
Based on the component model in Appendix A, the model &k.:(t) and the relevant limits of all subsystems by ugiid).
subsysteni can be expressed as 2) Stagell: Subsystem Flexibility Estimation
T:(t) = AeT;(t) + Ay T;(t — 74;) + BQy; + ET,, (11) This stage estimates the maximum available duration of each

subsystem at various levels of flexibility provision.
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Step 2.1: Estimating the heat demand based on given set- IV. CASESTUDIES
points of building temperature, and calculating by using (9); A radial DHS as shown in Fig. 6asused to evaluate the
Step 2.2Assuming the supply temperature is operatéfat performance of the flexibility quantification method. The DHS
then initializing the temperatures of pipelines, heat exchange&tas coupled to the power grid via a CHP as an example. The
and buildings with steady-state estimation values; rated power of the CHP was 2 MW wittheat to power ratio
Step 2.3 Choosing a suitable time stefpit that is of 1.333 The minimum power output of the CHP was assumed
commensurable te,;, and discretizing(11). tr..is iS then to be 0 MW. In normal states, the CHP output was controlled to

converted iNtog ;s StEPS BYf1exis = triexis/At, maintain the supply temperature orfyne heat produced by the
Step 2.4: DividingQ,,; into n, intervals and considering,; CHP was transported throughrunk pipeline to the joint node
asaconstant during each interval. Set interival 1; and then divided to the two substations. Parameters of pipelines
Step 2.5: Combining the discretized equations with objectiktainless) in the DHS were listed in Table .
(14) and constraints (12), (13), (1t® form a new optimization
problem If the output of the heat producer increasesnely @ CHP | 1 2
Qni(k) — Qq:(to) > 0, the objective is expressed as er
Nflexis -—T EEE
Gas - :l% |
Maximize Z [Qn,i (k) — Qu(to)] At (16) A Building
o l O pump O
If @ (k) — Qq:(ty) < 0, the objective is expressed as R Valve 4 -
Nflexis o Joint node "TL]
EC @ Heat exchanger !.::
Minimize Z [Qn,i (k) — Qq,:(to)] At (17) Building I
m=0

S Fig. 6. Schematic of a radial DHS.
The optimization problems for upward and downward

regulations of the decomposed subsystems are both linear TABLE |
L . . . . PARAMETERS OF THE PIPELINES IN THDHS
optimization problems, with X ng,, equality constraints and

3 X nge, groups of upper and lower bounds.

Number Start End  Length (m) Size (mm)

Step 2.6: Solving the optimization problemy fmincon in ; 2 zgg gz igg
MATLAB with the interior-point method to acquire the
2 4 500 DN 125

maximum durations fonpward and downward flexibility;
Step 2.7k =k+1, Go to Step 2.5, unti ny, which indicates

the maximumg;(¢) at all levels of duratio, are acquired The. sgtpoint of the buildings’ temperature was 21°C. The

Then the boundaries of flexibility for subsystemcan be electricity output of CHRn the steady state was 1.305 MW.
formulated asF; andQ;, with a dimension of 1, The supply temperature at the secondary side of the producer
3) Sagelll: Fllexi biIi'[L;/ Aggregation ' heat exchanger is controlled by adjusting the CHP heat output.

This stage aggregates the maximum duration of subsysteh{ SUPPly temperature is limited to be below 99°C. The
for various levels of flexibility provision. allowable temperature variation of buildings was between 20°C

Since the heat injected into different subsystems apf@id 23°C. Heat capa::ity and he?t transfer coefficient of
interconnected, the heat producer outputs need to ensure tha? Wiings were 225 MJ/°C, 41.2 kW/°C, which were estimated

subsystems are within limits, based on the amount of concrete and the level of insulation [37]
For Qn,; (k) = Qq;(to), the upper limit of heat producéris A, Mode Validation
expressed as This case was carried out to show the accuracy of the
decomposition method in approximating the behavior of a
wlimepy _  [Qni(K) radial DHS. A commercial simulation software, namely
Q" (k) =m; X min (18) ; .
’ 1<isNg | My APROS, was used to simulate the behavior of the DHS as a

For Qy,; (k) < Q4,(to), the lower limit of heat produceiis ~ comparison. In the decomposed system, the trunk pipeline was
i ' replaced by two pipelines with the same flow rates as the

original system. The length of the two pipelines in the
{Qh i(k)} subsystems are 0.7 km andrh.kKf'wo key factors in reflecting

expressed as

Q,ll'fi"m(k) =m; X max (199 the DHS behavior, namely flow rate and temperature, were

) ==l compared to validate the equivalence of the two models.
The total flexible output of all subsystemg,;s(k) andthe  To validate that the decomposed system can reflect the

maximum duratiorFy.; (k) at levelk are calculated by dynamic behavior of the original system, the supply
Friexis (k) = triexis i (20) temperature was adjusted to different \_/alugs to observe the
Ny response of the whole DHS. The results in Fig. 7 show that the
Priexis(k) = Z [Q}ﬁ”(k) = Qq: (k)] /Yn2p (21)  decomposed system approximates the behavior of the original
=1 system witha high accuracy.

m;
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Original Flow 1 Original Flow 2 output was adjusted to restore its heat supply to the DHS. The
S e s heppasee Flow| ‘Decommoved Flows. results show that the supply temperature of the 1 km case
5 ., increases faster due to a shorter time delay. Meanwhile, a longer
= . . . ..
T e e I e AN R period of fluctuation in CHP electricity output and temperature
217 : : : : ‘ ; was observed, which may affect the amount of flexibility
0 2 4 6 8 10 12 14 16 DHS for furth
Time (h) or further response.
@) ‘ " ! —===3kmcase = = | km case
gox B T N T e e P Y ;
E z
= Original Supply Decomposed Demand 1 2 ; ! i_-_-_-_-_-l
g 70 b Decomposed Supply Original Demand 2 = = 0.8 E—. i
g Original Demand 1 Decomposed Demand 2 % —06f L_ _____ < _’,_n.r..__.,——-—.
N e N . e E04r | 72~
r 60 == L T At T = L E | P -
0 2 4 6 8 o 12 14 16 0§02 : ‘ - ‘ - :
Time (h) 4 4.5 5 55 6 6.5 7 7.5 8
Fig. 7. Simulation results of the decomposed systenthendriginal system. e Time (h)
o
The upward and the downward flexibility boundaries of th < 1107
DHS were determined using the proposed method a Z 007 = —_:\
iy . i - i
compared to the flexibility boundaries calculated throug 3 *°L._._._._. e o g il
simulations of the original DHS. Fig. 8 shows that thi E 801

decomposed system can approximate the original DHS wi " 4.5 5 35 6 6.5 7 7.5 8

respect to flexibility provisionThe flexibility boundaries are . o \aiation of electricity Outpu?a”:;‘é‘dpply temperatof CHP.

presented as the maximum change (positive and negative) of

CHP electricity output within the allowable duration that Fig.10shows the trajectories of the supply temperature and
ensures all temperatures of the DHS are within limits. THE€ building temperature. Although, both systems restored to
duration refers to the release period of CHP for supporting tR€mal states, the 3 km system was less sensitive to the change
power grid. Durations from 30 minutes to 6 hours wer@f CHP electricity output than the 1 km system. The supply
considered as an example. The flexibility boundaviese teémperature of the 1 km system exceeded its upper bound
shown as two curves available for upward and downwaf§9°C) after four cycles, while the temperature of the 3 km

regulations as shown in Fig. 8. The results also show that f¢stem was still within its limits.

flexibility boundaries shrink as the duration increases. Fro 6"4 - = - = Trajectory (1 km)
another perspective, the higher the CHP heat output devia 3 23 . 'F':::ﬁ;“t‘((l'km’
from the heat demand, the faster the DHS states maygobey 2 | |  :z~=== | e Trajectory (3 km)
limits g 22 % Initial state (3 km)

! E_' = Final state (3 km)

I . 221

% 2
S _ 05 \ = 20
2= =
22 of ] A
g= ——— 19 -
- 70 80 90 100
= £ 98 ] Supply temperature (°C)
i . - .

-1F B
f T Fig.10. Variations of supply temperature and buildingpenature at the DHS.

-1.5 ) : : ' : As shown in Figl1, the 3 km system has more flexibility.

0 1 2 3 4 5 6 S .
Pruratim {0 Both the upward and the downward flexibility boundaries were

Fig. 8. Flexibility comparison of the decomposed aridinal systems. enlarged at all levels of adjustment in the CHP electricity

output. In practice, the DHS may have pipeline networks with

B. Key Factors in Flexibility Quantification ] _tens of kilometers long, which indicates a significant amount of
The impacts of system parameters and operating Cond't'%b%(ibility.

on the upward and the downward flexibility boundaries of th
DHS shown in Fig. &vere discussed in this subsection.
1) Impact of Pipeline Length

To highlight the impact of pipeline length, the flexibility of
two simplified DHSs was firstly comparedhe lengths of
pipelines in the two cases ardrh and 3km. Fig. 9 shows the
results of this test. Assuming that the demand for flexibilit 2 » , _ , , , , ,
from the power grid emerged at tHetour, the CHP electricity "0 0.5 I 1.5 2 25 3 35 4
outpu was increased to respond to this demand. As time gc Duration (h)
by, the supply temperature in both cases increased. After 1 hatig, 11. impact of pipeline length on the flexibility di¢ DHS.
the demand for flexibility disappeared. The CHP electricity

= | ki case = = 3 km case
1 v T T T T T

0.5+ — e

Flexibility boundaries
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2) Impact of Supply Temperature supply temperature variation, the case with small losses (heat
To investigate the impact of supply temperature on theansfer coefficient) has a lower flow rate. The supply
flexibility provided by the DHS, three studies were performetemperature affected the downward boundary if the CHP output
considering the supply temperatures of@590°C and 95°C was below a certain level. Thus, the duration for supporting the

for the DHS described in Fig. 6 and Table I. demand of flexibility was also shorter than the reference case.
Fig. 12 shows that the available upward flexibility boundaryd) Impact of Ambient Temperature
shrinks as the supply temperature goes up. Therefore, the DH%ig. 14 shows the flexibility boundaries of the DHS with
with higher supply temperature reaches its boundary firsimbient temperatures at°@ 0°C and 4°C. In this case, the
which means less upward flexibility can be supplied. This supply temperature was maintained at 85°C during the normal
because higher supply temperature causes the violation of tperation. When the ambient temperature decreased (more heat
maximum temperature limits in buildings after a shorter periodemand), the flow rate would be at a higher level which
When the supply temperature is within limits, the boundariésdicated that the maximum duration became smaller. This
of flexibility provision are mainly determined by the buildingincrease led to a decrease of upward flexibility boundary. On
temperature. As a result, the downward flexibility boundaries #ie opposite, when the ambient temperature increased, the

different supply temperatures are close to each other. maximum duration went up. The downward flexibility
= = TP=859C mem=TP=090°C TP= 95 °C bounday was thus enlarged. Even though the flow rate was not
s s s . . g sge . .
i l— - ‘ ‘ ‘ ‘ T adjusted during each flexibility calculation process, its value
S SN Ve TS B W affected the flexibility of the DHS.
E g 0f 7 S ;-—-_:_—-_-:—ig----:'j Tnmh:_4 0 Tumb:O Wi Tumh:4oc
? g’_u < | (,f’ J é | T T T T T
Z e o | S o0sf)
£g -l v ‘ S
B o | ; ‘ ; ; ; 2% 0r
T ©-1.5 Sz
0 0.5 I 1.5 2 25 3 35 4 2505
Duration (h) 2 é
. . . . =0 -1r
Fig.12. Flexibility boundaries of the DHS under differsmpply temperatures. o LE-I.S . . ‘ ‘ .
3) Impact of Thermal Mass and Resistance of Building 0 0.5 I 1.5 2 2.3 3 3.3 4

In this test, the heat capacity and heat transfer coefficient _. Duration.(h)

buildings were changed to 175 MJ/°C and 31.2 kW/°6ig'14 Flexibility boundaries of the DHS under differentl@ient temperature.
separately. The results are shown in Hi§. As previously C. Discussion

mentioned, the upward flexibility boundary was determined by The impact of the four key factors on the flexibility of DHSs
the supply temperature and the building temperature. TBfe summarized in Table Il. The results show that the flexibility
supply temperature is the primary constraint that limits thgf DHS is different when system parameters (pipeline length,
upward flexibility provision, particularly when the CHP ispuilding insulation, heat capacity) or operating conditions
operated close to its maximum capacity. This is because a higflipply temperature and ambient temperature) are not the same.
level heat demand at normal states results in asmmadrgin - The findings can support the decision making of DHS owners
for supply temperature increasehe flexibility of the DHS  on flexibility enhancement so that they could make profits from
reached its upper bound before the extra heat caused mgigviding flexibility to the power grid.

impact on the building temperature. As the CHP electricity TABLE Il

output decreased, the downward flexibility boundary of the case  IMPACT OF DIFFERENT FACTORS ON THE FLEXIBILITY ODHS

with 175 MJ/°C heat capacity became smaller than the caseKey factors Upward Downward
with 225 MJ/°C heat capacity. — _ flexibility flexibility
Pipeline length increases Enlarge Enlarge
" 1 _IRCfercf‘“C =H= S‘“au‘cap"‘“”}' Small L“'”““ Supply temperature increases Enlarge Minor impacts
% 05 — e ] Building insulation increase Shrink Enlarge
E - ol T e Building heat capacity increase Minor impacts  Enlarge
Z= S ) . )
s § - e ] Ambient temperature increases Shrink Enlarge
> 205 o
= oy . . .
55 ! / 1 Note that the implementation of the decomposition method
g *5'»50 05 : s 2 s ; 13 4 for quantifying the flexibility of the DHS is at the cost of extra
Duration (h) steps: 1) Pre-processing: model decomposition and parameter

extraction which require prior knowledge on hydraulic and
o ) . thermal behaviors of the DHS; 2) Post-processing: the
, For a building with a smaller heat transfgr cpefﬁment (We"éggregation of flexibility of subsystems; 3) Update required for
insulated), the heat demand was lower which indicated thatt'l?]%del decomposition when hydraulic conditions change.
waterﬂowratewassmallerunderthesamesupplytemperat%wever’ the decomposition method has the following
When the CHP heat output increased, the supply temperatyg, efis: 1) the computational burden for flexibility

went up faster. As a result, the upward flexibility boundary was s nification of the DHS is reduced; 2) If idle processors exist
smaller than the reference case. Like the previous case wi

Fig.13. Flexibility boundaries of the DHS with differeltilding parameters.
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parallel computing can be used to accelerate the probleof-a DHS largely depended on the supply temperature and the
solving process, particularly for offline analysis. building temperature. These states were mainly determined by
By providing flexibility services, the DHS owneanacquire the supply temperature of the DHS, the heat loss coefficient of
additional profits from the power grid, which vary undetbuildings, and the ambient temperature.
different market conditions. Using secondary frequency Some limitations should be noted. Hiysthe decomposition
response in Great Britain as an example, the unit price (paethod is not able to analyze a DHS véting-shaped pipeline
MW) of availability for secondary frequency response isetwork or multiple heat producers directigecondy, the
£8.78/h [38]. If 0.5 MW of CHP output is used for secondarproposed method is not suitable for a DHS using variable flow
frequency response with a tendered duration of 16 h/day, theamtrol to maintain the heat supply. ThHyrd details of
the CHP owner will receive an estimated payment afecondary pipeline networks are not considered in this paper.
£25,637.6/year (8.780.5x 16x 365) for being available to The proposed approach is only validateciBynall-scale radial
provide secondary frequency response. DHS. But it can be extended to large-scale systems from two
Note that this paper focuses on the limit of DHS on the CHBspects: 1) For a radial DHS with a large number of pipelines
which mainly affects durations that the change of CHBrd customers, a simplified structure can be extracted by
electricity output can sustain. For a given flexibility serviceggregating of pipelines and demands of DHSs; 2) For a ring-
requiring fast action, the reserved capacity of CHP is alsthhaped DHS with multiple heat producers, the DHS can be
limited by ramp rates. This limit can be approximated by thdivided into multiple radial networks at hydraulic intersection
minimum response time required by the utility multiplied by thesers or common pipe branches. Then the proposed approach
ramp rate of gas-engine used in the CHP. If small gas turbines be applied to each divided system’s flexibility analysis.
are used as the engine, the ramp rates typically range between
100 kW/s and 200 kW/s [39]. For a single-shaft gas turbine, this APPENDIX
rate could be higher. Using primary frequency response j
Great Britain as an example, the CHP needs to reach its fﬁ{}l Model of the DHS
reserved capacity in 10s [2%ssume that the ramp rate of the
gas engine is 100 kW/s, then the maximum reserved capacﬁ
that the CHP in this paper can keep for primary frequen
response is 1 MW (100kWisL0s) with respect to ramping
limits. As the amplitudes of flexibility boundaries in Fig. 8 ar
below 1 MW, the ramp rate limit does not change the results\%
this paper Besides technical maximum reserve, the reser

1) Pipeline Model: When theDHS is used for flexibility
vices, the fast electricity fluctuation is transferred to the
S. To avoid evident pressure changes, the flow rate is not
adjusted during the flexibility provision process. As hydraulic
edynamics are much faster than thermal dynamics, a quasi-
namic pipeline model was used to describe the transport
lay effect [40]

capacity is also affected by the forecasting prices of gas and Toue (t) =A{P(Ti"(t —7a)) i
electricity in the energy markets, and the payment from other -7 (¢t —7,) x e "eowm + T,,,, x (1 - e_cw‘r'n) (22)

ancillary services. The CHP owners/operators make decisions _

about the reserved capacity based on potential benefits over Wie"€7in (t) andTo, (t) are inlet and output temperatures of
contract period of ancillary services. A long-term study will b€ PiPelinef; is the thermal model of the pipelireandL are
conducted in future to demonstrate the economic benefff¥€rall heat transfer coefficient and length of the pipetinés

providing ancillary services considering the market prices &f€ flow rateof the pipelinec, is the specific heat of water.
energy and ancillary services. 2) Heat exchanger: In the flexibility analysis, the energy

transfer function of the heat exchanger is concerned.aSo,

V. CONCLUSION simplified model is used to describe the thermal dynamics of
This paper proposed a three-stage methodology to quantifig heat producer side system [41]
the flexibility of DHSs. The DHSs exchange energy with the D ary _ . p ) 23
power grid through their heat produceskctricity generation/ Cwtz 7= = Qn = Cwp (17 = 17) 23

consumption. The behavior of DHSs was approximated lwhereT,” andrm, are return temperature and flow rate at the
multiple simple DHSs with a single-producer single-consumeecondary side of the heat exchangg} is the mass of water
structure. The flexibility of the simple DHSs was defined as thfiside the heat exchanger.

maximum duration that the DHS can absorb or release energyt the building side, the heat is absorbed from the primary
within operational limits. An optimal control problem with timenetwork through a heat exchanger, which is modeled by

delays was formulated to characterize the flexibility boundary b dTL, ) b b b (b b
of these simple DHSs. A flexibility aggregation method was ) “w™ =, = cwtty(TL: = Tt) — HP (TE, — T2,) (24)
developed to evaluate the total flexibility of the original DHS. ary,

Cumulative flexibility of subsystems enables a simple and Cwmng —5:* = HP (T, = T3,) = cuwtity (T2 = Ty)

portable model to accurately capture the aggregate flexibility here T; andT{, are inlet and output temperatures at the

demands, pipelines and the heat producer at a system level.primary side of the heat exchanggf; andT/, are inlet and
Case studies showed that the proposed method coolatput temperatures at the secondary side of the heat exchanger.

represent the flexibility of the original system with highm? andm? are the mass flow inside primary and secondary

accuracy. The results also showed that the amount of flexibiligircuits of the heat exchangéf® is the heat loss coefficient of
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the heat exchanger. C. Computational Complexity Analysis
3) Building: A simple lumped parameter model was used to0 |n this paper, the interior-point method was used for solving
describea building’s energy behavior [37]. Assume that nopoth the original problem and the equivalent problem.
other heat sources are used, then the building is modeled  Regarding computational complexity, the key difference of the
T, two models lies in the dimension of dynamic constraints after
Cp = cwtity (TEy = Tp) = Ky (Ty = Tamp) (29 differencing. To show the benefits, the original model and the
equivalent model are compared as follows.
whereC,, is the heat capacity of the building, is the flow For simplicity, the Euler method was used to discretize the
rate of the secondary side of the building heat exchakger. models. The discretized equation of the original system (3) can
the overall heat loss coefficierf, andk, are empirical values, beexpressed as
which can be estimated by identifying building behaviors.[37] T(t + At) — T(t)

B. Therr.nal Inertia of Water |_n Pipeline and Building AL, o) T(E — 1y AT, O To)

Referring to (23), the desired heat output of CHE &an be o . Ty P _
expressed a®y = ¢, 1, (TP (t,) — TP) when theDHS is Wherem,, =5, np, =00 ..o mpy, = - At is the step size,
operated at the steady state. When supporting the powdaygridwhich satisfies thaty, 1,15, ..., np, v, are integers within the
changing the electricity output, the heat output of CHP iglowable tolerance range.
changed t®), = Q4 + Yn2pPriexis- The general solution of the  Combined with (6), the above model can be reformulated as
heat supply system at the producer side (23) is expressed ashe standard form of linear programming. Considering delayed

On + et TP 0, — Q LT variables, the dimension of variables in the standard-form can
TP(t) = hTwpir _Xh xd, mp (26) ben,,; = (N, + 1) X Ny in the worst case. The computational
CwMp Cwiy complexity of the original system is thus no more

Heat supply to the buildings is not affected by the changesthan0(n,,;3L) wherelL is integer data of bit size [42].

the heat output until water flows from the producer side to the Assume thatt is also used for the equivalent model, the

= f(t, T(t), T(t — np, A, T(t 29

demand side with a transport delay discretized equation of subsystem (11) can be expressed as
For upward regulation (increasing CHP output), theT;(t + At) — T;(t)
flexibility requested by the power grid below the upward At =4, T:(0) (30)
boundary, namel9 < Pioyis < Priexis - Thenvt € (to, to + +A1Ti(t - nd,iAt) + BQy;(t) + ET,,
T4l Considering delayed variables, the dimension of variables in
Pty < Qn + cwm, TP _ Qa + YnapPriexis + cwty T the standard form can g,; = 2 x 4 in the worst case. The
Ty () < oty Cotit, 22 computational complexity of the original system is thus no
Qq + Vthpflexis + CwmpTrp more tharo(neq'iSL)'
= Cotity For a real DHSN; is the temperature variables of the whole
To ensure the security of the DHS, the supply temperatureS¥stem, which satisfied/ > 4. The number of pipelines

o _ _ o Qa+YhapP flexis+owTip TP satisfies N, > 2 . Therefore, it can be concluded that
limited belowT?. If Py, satisfies 2 Zwmp PT < O(rori® L) (g L),
TP, the DHS can accommodate an increase in the CHPThe flexibility analysis of the subsystems in the equivalent
electricity outputPf,,;s for at least a period af; before the model needs to be conducted far(the number of subsystems)
higher temperature water reaches the building side. times. AsN; is smaller thav,,, the complexity of the proposed
For downward regulation (decreasing CHP output), a drop approach based on the equivalent model is still much lower than
supply temperature will be observed due to less heat supply. Bué complexity of the original model.
the water in the supply pipeline will keep heating the building Note that if other difference methods, such &sofder
for another period,. Even if the heat supply at the produceRunge-Kutta method, are used, the complexity could be 4 times
side is reduced to zero, the building temperature can sustaintiaggher, which indicates the complexity difference between the
at leastr; due to the thermal inertia of the building. Besidesriginal model and the equivalent model could be even higher.
the building can maintain its temperature at a level above tBe
minimum temperaturd), for another period;, due to the - i
thermal inertia of the buildingVithout heat input, the general The decomposition process includes two aspects: 1)

solution of the building side system (25) is expressed as HYdfa““C decomposition based on graph theory and
K Kirchhoff’s Law, which ensures that the pressure drop along the

Ty(t) = Tamp — (Tamp — T (to))e o ¥ (28)  decomposed pipelings equivalent to the pressure drop of the
It can be obtained that, = oy, (M) +t, . original pipeline; 2) Thermal decomposmon_, which ensures the
ki Tp—Tamb temperature drop of the decomposed pipelines and the original
Therefore, the DHS can accommodate a decrease in Higeline are the same. The equivalent of the heat transfer
electricity output for at least a periodof + ¢;. coefficient of the decomposed pipeline is analogous to the
equation used for calculating the friction factors of the

Parameter Extraction of the Decomposed Subsystem
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decomposed pipelines.
1) Equivalent Friction Factor for Hydraulic Decomposition

The equivalent friction factor of the decomposed pipeline 8l

extracted from the friction factor of the original pipeline by

Di’j
fij =1 D (31)

wheref; ; is the friction factor of thg" decomposed pipeline of

(3]

the original pipelind. f; is the friction factor of the original [4]

pipelinei. D; ; is the diameter of th& decomposed pipeline of

pipelinei. D; is the diameter of pipeline

Describe the pressure drop of jffledlecomposed pipeline as

i vl
AH; ; = fi,jFP—
ij

: 32

(5]

12
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Then the pressure drops of the decomposed pipelines and[fhe A. Vandermeulen, B. Heijde, and L. HelseBpntrolling district heating

original pipeline satisfy
AHi = AHi,I = AHi,Z = e = AHi,‘ni
2) Heat Loss Factor for Thermal Decomposition

(33

(7]

The equivalent of the heat transfer coefficient of the
decomposed pipeline is extracted from the heat transfer

coefficient of the original pipeline by
2.

Ai,]’ = /‘{i # (34)

wherej; is the heat transfer coefficient of pipeling,; ; is the
heat transfer coefficient of thg" decomposed pipeline of 110

pipelinei.

Describe the temperature drop of the pipelines by ugyg (

8]

E]

then heat loss of the decomposed pipelines and the originghi]

pipeline satisfy

Touti = Toutit = Toutiz = = out,i,n; (39)
E. Parameters of the DHS Model
_w T
- 0 0 0
b b
0 _m_g_ - b = b 0
Ao = mi}  cymj cym?
A H? _Hb oy oy
Cwmg CWmIZ) mIZ) m127
0 0 Cwiitp _Cwhiy ki
L Cp Cp Cp
- o
0 e ™ 0 0
AL ’
Ay = |2 o "oy 0 00
my
0 0 0 0
L 0 0 0 0
- _ AL -
m—5<1 —e fvmv> 0
1 2
cwmy ) AL
B=| 0 |E= m—f,’(l—e ”P""P) 0
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