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Abstract

Due to the proliferation of power-to-X-to-power (P2X2P) conversion technologies across various
energy systems, the sector-integration concept has gained considerable attention in recent years. In
this context, to facilitate the integration of local energy systems at the distribution level and take
advantage of their provided privileges, the development of an efficient and pragmatic market-based
mechanism is required. Hence, the present chapter focuses on modeling a local energy market (LEM)
framework that enables the integration of electrical distribution systems (EDSs) as well as district
heating systems (DHSs) via power-to-heat (P2H) conversion technologies. The suggested LEM
platform is based on a centralized one-sided auction-based energy trading process which is settled by
the distribution system operator (DSO) with the objective of social welfare maximization. In the end,
the raised LEM clearing model is applied on an integrated electricity-heat network (IEHN) in the
presence of technical constraints of both EDS and DHS.

Keywords: Local Energy Market; Integrated Electricity-Heat Network; Electrical Distribution
System; District Heating System; Social Welfare.

Nomenclature
Acronyms
CHP Combined Heat and Power
DG Dispatchable Generator
DHS District Heating System
DSO Distribution System Operator
EB Electric Boiler
ED Electric Demand
EDS Electrical Distribution System
HD Heat Demand
HES Heat Exchanger Station
HS Heat Station
IEHN Integrated Electricity-Heat Network
LEM Local Energy Market
Power-to-Heat P2H
Power-to-X-to-Power P2X2P
PV Photovoltaic System
WT Wind Turbine
Sets and Indices
ch CHP indices
dg DG indices
eb EB indices

ed ED indices
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hd HD indices

i,j Set of nodes in EDS
ij Indices of lines in EDS
n Set of nodes in DHS
nm Indices of pipelines in DHS
pv PV indices
t Time indices
wt WT indices
Qcup Set of CHPs connected to set of nodes
Qpe Set of DGs connected to set of nodes
Qgp Set of EBs connected to set of nodes
Qgp Set of EDs connected to set of nodes
Qup Set of HDs connected to set of nodes
Ques Set of HESs connected to set of nodes
Qs Set of HSs connected to set of nodes
Qpy Set of PVs connected to set of nodes
Qpr, Qps Set of return / supply pipelines in DHS
O r g, Qpr_k Set of return pipelines beginning / ending at node n
e Qhs_p Set of supply pipelines beginning / ending at node n
Qur Set of WTs connected to set of nodes
Q, Set of lines in EDS
Parameters
bij, gi; Susceptance / conductance of line ij in EDS (ohm™)
Cy Specific heat capacity of water (J/g °C)
Hyp Heat demand of DHS (kW)
HPR Heat-to-power ratio of CHPs
HVj 4 Heat value of natural gas (kWh/m?)
Lym length of pipelines in DHS (km)
m Mass flow rate of nodes in DHS (kg/s)
mg, Mg Mass flow rate of return / supply pipelines in DHS (kg/s)
prax pmin Maximum / minimum generated power of CHPs (kW)
pmax, ppin Maximum / minimum generated power of EBs (kW)
Pep Electric demand of EDS (kW)
P Maximum capacity of line ij in EDS (kW)
Qps, Qpy, Qur Maximum quantity offers of DGs / PVs/ WTs in LEM (kW)
Tamp Ambient temperature (°C)
Tjnax, Tin Maximum / minimum temperature of return pipelines in DHS (°C)
Tnax Tmin Maximum / minimum temperature of supply pipelines in DHS (°C)
Vom Nominal voltage (V)
Aper Apvs Awr Offer prices of DGs / PVs / WTs in LEM (€/kWh)
Agas Natural gas price (€/m?)
Ag Locational marginal price of PCC (€/kWh)
Neup-e:Neyp—p Electricity / heat efficiency of CHPs (%)
NEp—n Heat efficiency of EBs (%)
9 Maximum voltage variation (%)
K Heat transfer coefficient of pipelines in DHS (W/cm °C)
Variables
Genp Gas flow to CHPs (m?)
Heyp Output heat of CHPs (kW)
Hggp Output heat of EBs (kW)
Peyp Output power of CHPs (kW)
Ppg Offer of DGs in LEM (kW)
Pep Output power of EBs (kW)
I Imported electricity from upstream grid (kW)
Ppy Offer of PVs in LEM (kW)
Py Offer of WTs in LEM (kW)
Tg, Ts Return / supply temperature of nodes in DHS (°C)
Tr,in Tsin Return / supply temperature at inlet of pipelines in DHS (°C)



Tr outs Ts out Return / supply temperature at outlet of pipelines in DHS (°C)

%4 Voltage magnitude (V)

AV Voltage deviation (V)

a, B Dual Variables or shadow prices (€/kWh)
0 Voltage angle (rad)

1. Introduction

In recent years, a lack of fossil fuel sources and their irreversible environmental damages have
led to a marked increase in the exploitation of renewable energy resources in power distribution
systems [ 1]. Although the high penetration of renewable energies can overcome the above-mentioned
challenges, the stochastic and intermittent nature of these units drives the need for flexibility in the
electricity sector [2]. As one of the pragmatic and new solutions for flexibility provision at the
distribution level, the coupling of different energy sectors, including the EDSs and DHSs, in the form
of IEHNSs has attracted more attention in the past few years [3]. To establish an IEHN via the sector-
coupling concept, the presence of P2X2P, more specifically P2H, conversion technologies in the
energy systems is required [4], [5]. Combined heat and power (CHP) plants [6], electric boilers (EBs)
[7], and electric heat pumps (EHPs) [8] are the most prevalent P2H elements in [EHNS.

In general, P2H solutions require techno-economic interactions with two local energy sectors,
namely power and heat. Nevertheless, these kinds of interactions add new challenges to the optimal
operation of IEHNs due to the lack of a suitable coordination platform [9]. To cope with this issue
and implement sector-coupling at the distribution level, proposing an appropriate market-based
framework is of great importance. Accordingly, local market-based solutions for sector-coupling
have received widespread attention over the last few years. The following literature review highlights
some important studies in this area:

A decentralized optimization method has been raised in [10] to model a LEM for the
coordinated operation of the EDS and DHS in the form of an IEHN. In the suggested framework,
EDS and DHS are able to be operated independently by solving optimal power and thermal flows,
respectively. A LEM has been designed in [11] to investigate the energy trading within an IEHN and
in the presence of multiple strategic players. In the provided framework, locational marginal prices
of electricity and heat achieved from optimal power and thermal flows have been exploited to settle
the considered market. A bi-level optimization model has been presented in [12] for clearing a LEM
and modeling its interaction with the wholesale electricity market. Accordingly, at the upper level,
the DSO settles the LEM and determines locational marginal prices, while at the lower level, the
wholesale market clearing, as well as the DSO’s interaction with this market, are specified. A linear
optimization-based approach has been developed in [13] to model a LEM enabling the integration of

the EDS and DHS at the distribution level. The market-clearing process has been conducted from a
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central operator’s perspective to maximize consumers and producers’ surplus. A novel market-based
platform has been introduced in [14] to couple the EDS and DHS and facilitate the utilization of P2H
and storage technologies at the local level. The primary goal of this research work is to develop
innovative market orders that respect energy system integration. A LEM mechanism has been
suggested in [15] to provide the possibility of peer-to-peer power and heat energy trading and
investigate the cooperative behaviors among peers. In this study, each peer is able to promote its own
profit by determining the joined coalition and its role as a seller or buyer of heat and electricity within
this coalition. In the end, a fully decentralized market-based framework has been employed in [16]
that supports peer-to-peer energy trading among several price-maker agents at the distribution level.
To determine the optimal strategy of participated agents in the designed LEM and improve their net
profit, a linear optimization model has been utilized in this study.

Due to the importance of establishing an efficient market-based environment for coupling of
electricity and heat sectors at the local level, this chapter tends to model a LEM that enables the
integration of EDSs and DHSs through CHPs and EBs, as fundamental P2H conversion technologies.
The design of the considered LEM is based on a centralized one-sided auction-based energy trading
process which is settled by the DSO with the objective of social welfare maximization. To this end,
the schematic structure of the designed LEM, as well as the mathematical model for the market
clearing process, are expressed in more detail in section 2. The implementation of a case study and

its discussions are provided in section 3. Finally, the work is concluded in section 4.
2. Methodology

As briefly mentioned in the previous section, the main purpose of the current chapter is to
design a LEM for facilitating energy trading within integrated energy networks. Before delving into
the mathematical model of the proposed market-based framework, its overall structure and
regulations are described.

In this work, the considered LEM is designed based on a centralized one-sided auction format.
In this case, it is assumed that a central operator is responsible for the operation of the IEHN at a
specific time through the complete exchange of energy and information among two electricity and
heat sectors. Hence, in order to identify the market settlement point, all participants are required to
submit their bids/offers to the LEM operator. Furthermore, it is presumed that the clearing mechanism
of the LEM is according to the one-sided auction method, in which only production offers are
considered in the negotiation procedure [17]. As a result, since multiple energy carriers are traded
simultaneously in the presented market-based platform, each offer contains specific information,

including the type of energy, quantity as well as valuation of the offer, the delivery time, and location



of the injected energy to the network. On the other hand, the pricing system of the LEM is uniform,
in which all players are paid at the same market clearing price regardless of their submitted offers.
This clearing price is set at the offer price of the most expensive supplier chosen for providing the
service [18].

The schematic structure of the presented LEM platform for the integration of the EDS and DHS
is illustrated in Figure 1. According to the figure, the DSO as a central operator is responsible for the
LEM clearing and meeting the IEHN’s demands in the presence of both networks’ technical
constraints. To this end, the DSO firstly collects offers from the existing market participants like
dispatchable generators (DGs), wind turbines (WTs), and photovoltaic systems (PVs). Then,
considering the locational marginal price of the PCC, as well as the operational condition of the
available CHPs and EBs, this entity attempts to settle the market and determine accepted offers as
well as distribution locational marginal prices for the optimal scheduling of the IEHN. The electric
demand (ED) of the system is procured from DGs, WTs, PVs, CHPs, and the upstream grid, while
the heat demand (HD) is procured from CHPs and EBs.
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Figure 1: Schematic structure of the proposed LEM framework.

As stated above, the DSO as the market operator clears the suggested LEM platform with the
objective of social welfare maximization [19], which is equal to the total energy cost minimization in
this study. The mathematical formulation of the mentioned objective function is expressed by Eq (1).
In this equation, the first term is related to the cost of imported electricity from the upstream grid.
The second, third, and fourth terms are related to the marginal costs of the LEM participants. In the
end, the fifth term is related to the operating cost of the CHP units.
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Min Z P, (£)24(6)

t
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+ Z Py (wt, ) Ay (wt, t)

wt
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The considered objective function is subject to a set of linear technical as well as operational

constraints, as follows:
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J:(0j) € Qe )
Vi=1,t

Ppg(dg,t) + Z Py (wt, t)
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—Whom < AV (i, t) < IVpom, Vi, t ®))
V(i t) = Vyom + 4V (i, 1), Vi, t (6)
- < 6(i,t) <m Vi, t (7

Eqgs (2) to (7) demonstrate technical constraints of the EDS that model the linear AC power
flow in this work [20]. Accordingly, the power balance of the electricity sector is expressed by Eqs
(2) and (3), and their dual variables or shadow prices are specified after the colon. The LEM clearing
price or distribution locational marginal price of electricity is achieved from the shadow prices of the
power balance constraints [21]. Moreover, the power flow in distribution lines, as well as voltage
deviation of nodes, are limited by Eqs (4) and (5), respectively. Also, Eq (6) represents the voltage
magnitude of nodes. Finally, the voltage angle of each node is restricted by Eq (7).



0 < Pps(dg,t) < Qps(dg,t), Vdg,t 3

0 < Pyr(wt,t) < Qur(wt, t), Vwt, t 9)
0 < Ppy(pv, t) < Qpy(pv, 1), VPV, t (10)
Genp(ch, 1) = Pour (el t)/HVQasr]CHP—E (chy veh,t (1D
Heyp(ch, t) < Peyp(ch, t)HPR(ch)neyp_p(ch), Ych, t (12)
PIR (ch) < Poyp(ch, t) < PR (ch), Vch, t (13)
PPH™(eb) < Pgp(eb,t) < PI¥™*(eb), Veb, t (14)
Hgp(eb,t) = Pgp(eb, t)ngp-y(eb), Veb, t (15)

On the other hand, Eqs (8) to (15) display operational constraints of the existing energy
resources in the IEHN. In this regard, inequalities (8), (9), and (10) restrict DGs, WTs, and PVs’
offers in the LEM to their maximum quantity offers, respectively. The relation between the gas flows
to the CHP units and their output powers is determined by Eq (11). Furthermore, the relation between
the output heat and the output power of CHPs is defined by Eq (12). Ultimately, the CHPs’ output
powers are confined to their minimum and maximum values by Eq (13) [22]. As stated, EBs are P2H
elements that consume electricity to produce thermal energy. In this context, the power consumption
of these units is limited by Eq (14), and their generated heat is displayed by Eq (15) [23].

DHSs contain supply pipelines that transfer hot water from heat sources to HDs, and return
pipelines that return back cold water from HDs to heat sources [24]. Normally, these networks are
controlled in four different modes, including constant-flow-constant-temperature, constant-flow-
variable-temperature, variable-flow-constant-temperature, and variable-flow-variable-temperature.
Egs (16) to (25) depict technical constraints of the DHS that model the constant-flow-variable-
temperature strategy in this work [25]. Notably, as non-linear hydraulic terms are eliminated in the

considered model, the ultimate thermal model is linear.

Heyp(ch, t) + z Hgg(eb,t) = Cym(n, t){Ts(n,t) — Tr(n,t)},

ch:(ch,n) € Qcyp eb:(eb,n) € Qgp (16)
vn € ‘Q‘HS' t
HHD (hd, t) = CWm(n, t) {TS (Tl, t) - TR (Tl, t)}, ﬂ(n' t)
hd:(hd,n) € Qpp (17)
vn € ‘Q‘HESJ t
—KLnm
Ts,out (M, £) = Tamp (8) = {Ts i (nM, £) = Tap () }eCWMsmO, vm € Qyg, ¢ (18)



—KLnm

TR,out(nmv t) - TAmb (t) = {TR,in (nm: t) - TAmb (t)}eCme(nm,t)’ vnm € QhR' t (19)
TIM < To(n, t) < T, vn, t (20)
T < Tp(n, t) < TH,vn, t (21)
Ts im(nm,t) = Tg(n, t),Vnm € Qpg_p,n,t (22)
Trin(nm,t) = Tr(n,t),Ynm € Qpp_p,n,t (23)

Z {mg(nm, )T e (nm, 1)} = Ts(n, 1) Z mg(nm,t),vn,t (24)
nme Qpc_g nmeQps_p

Z {mg(nm, )Ty gy (nm, )} = Tr(n, 1) Z mg(nm,t),vn,t (25)
nmeQp,_ g nmeQp,_g

Accordingly, Eqs (16) and (17) show the heat balance of the system in heat stations (HSs) that
are equipped with heat sources and heat exchanger stations (HESs) that are modeled as HDs,
respectively [26]. The dual variable or shadow price of Eq (17) is presented after the colon that
specifies the LEM clearing price or distribution locational marginal price of heat. The temperature
drop caused by heat loss in supply and return pipelines is represented by Eqs (18) and (19),
respectively. Inequalities (20) and (21) restrict the temperature of nodes in supply and return
pipelines. Eqs (22) and (23) ensure that the inlet temperature of supply and return pipelines is equal
to the nodes’ temperature. Finally, according to Eqs (24) and (25), the nodes’ temperature is computed

as the mixture temperature of mass flows entering the nodes.
3. Case Study

In this section, the LEM clearing model is applied to an IEHN, including a 13-node EDS [27]
and a 4-node DHS. The single-line diagram of this integrated system is depicted in Figure 2.
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Figure 2: Studied IEHN.
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Accordingly, the EDS contains two DGs, one WT, and one PV at nodes 10, 13, 12, and 9,
respectively. The EDS nodes 6 and 8 are connected to the HS of the DHS, which is equipped with
one CHP and one EB. The maximum quantity offers of the LEM participants as well as technical

specifications of the existing P2H elements are provided in Tables 1 and 2, respectively.

Table 1: Maximum offers of LEM participants.

# Unit Maximum Quantity Offers (kW)
DG 1 3000
DG 2 2000

WT 2000

PV 1500

Table 2: Characteristics of P2H units.

# Minimum Power ~ Maximum Power  Heat Efficiency  Electricity Efficiency = Heat-to-Power
Unit (kW) (kW) (%) (%) Ratio
CHP 200 2000 55 45 1

EB 0 500 80 - -

Offer prices of the available market participants, as well as locational marginal prices of PCC,
are illustrated in Figure 3. The electric and heat demand profiles of the studied IEHN are displayed
in Figure 4. Furthermore, the peak demand of the system in each node is expressed in Table 3.

On the other hand, it is assumed that the temperature of supply pipelines in the DHS varies
between 60 °C and 100 °C, while the temperature of its return pipelines varies between 20 °C and 60
°C. In addition, the ambient temperature is 10 °C, specific heat capacity of water is 4.182 J/g °C, and
heat transfer coefficient of pipelines is 0.00455 W/cm °C [28].

In the end, the natural gas price is considered a three-tariff price, and the heat value of natural

gas is presumed to be 11.7 kWh/m?.

0.08 m Offer price of DG 1 m Offer price of DG 2
| Offer price of WT Offer price of PV

0.07 B Locational marginal price of PCC

0.06
0.05

0.04

Price (€/kWh)

0.03

0.02

0.01

0 I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)

Figure 3: Prices in the LEM clearing process.
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Figure 4: Demand profiles of the IEHN.

Table 3: Peak demand of the IEHN.

# Node 1 2 3 4 5 6 7 8 9 10 11 12 13
Electric Demand (kW) 0 890 628 1112 636 474 1342 920 766 662 690 1292 1124
Heat Demand (kW) 0 450 400 450 - - - - - - - - -

Accepted offers of the LEM participants, namely DGs, WT, and PV, as well as the output power
of P2H elements, namely CHP and EB, are demonstrated in Figure 5. In this figure, the DSO’s
imported electricity from the upstream grid is displayed as well. Notably, the line graph shows the
system’s whole ED during the studied day.

12000 | =PED = Pg
mPDG1 mPDG2
10000 | mPWT PPV
mPCHP m=mPEB
8000
i 6000
:
& 4000
2000
0
22000 Time (h)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 5: Optimal operating points of power resources in the LEM.

As shown, the entire produced and imported powers have procured the required powers of the

EB and ED. On the other hand, based on Figures 3 and 5, since the offer prices of WT and PV are
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lower than the offer prices of DGs and locational marginal prices of PCC in most hours of the day,
their maximum quantity offers have been accepted in the LEM clearing process.
The output heat of P2H elements, i.e., CHP and EB, are depicted in Figure 6. Similarly, the line
graph shows the system’s whole HD during the studied day.
1600 HD

1400 | WHCHP

EHEB
1200

~ 1000

800

Heat (kW

600

400

200

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)

Figure 6: Optimal operating points of heat resources in the LEM.

Based on the DHS modeling in the previous section and Figure 6, it is observed that the
generated heat at each hour has procured not only the HD but also heat loss in supply and return
pipelines. Also, since the electricity price is low in the early hours of the day, the DSO has preferred
to transform the power to heat by the available EB and satisfy the peak HD of the system.

The amount of gas consumption by the available CHP unit in the IEHN, as well as the three-
tariff natural gas price, are depicted in Figure 7. Clearly, during the peak of electric and heat demands,

the considered CHP has consumed the highest amount of gas.
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Figure 7: CHP’s gas consumption and natural gas price.
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Temporal and spatial variation of distribution locational marginal price of electricity in the

LEM clearing procedure is presented in Figure 8.
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Figure 8: Variation of distribution locational marginal price of electricity.

The generic temporal analysis shows that by increasing the ED, the distribution locational
marginal price is increased as well. On the other hand, according to the spatial analysis, the increase
in the ED during peak hours leads to congestion in the EDS, which changes the LEM clearing price
at different nodes.

To better investigate the spatial level, distribution locational marginal prices of the EDS nodes

at hours 12 and 21 are represented in Figure 9.

0.07 B Hour 12
0.065 Hour 21
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Figure 9: Distribution locational marginal prices at hours 12 and 21.

Based on Figure 9, at hours 12, distribution locational marginal prices at nodes 1 to 4 are equal

to locational marginal prices of PCC. Due to the congestion in line 4-5, the rest of the nodes’ marginal
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prices have been affected by the offer prices of the LEM participants. In this context, PV as a marginal
producer has determined distribution locational marginal prices at nodes 5 to 9 and 11 to 13. The
marginal price of node 10 has resulted from offer price of DG 1, which is located at this node. The
important point here is that while the offer price of DG 1 is lower than the offer price of PV, this unit
has not been able to affect other nodes’ marginal prices due to the congestion in line 8-10. Similarly,
at hour 21, distribution locational marginal prices at nodes 1 to 4 are equal to locational marginal
prices of PCC. Because of the congestion in line 4-5, distribution locational marginal prices at nodes
5to9and 11 to 13 have been determined by DG 2 as a marginal producer. Also, because of congestion

in line 8-10, DG 1 has only been able to impact the marginal price of node 10.

4. Conclusion

The high penetration of renewable energies has increased the need for flexibility in power
distribution systems. Recently, the coupling of EDSs and DHSs in the form of IEHNs has been raised
as one of the promising solutions for flexibility provision. Nonetheless, establishing IEHNs and
optimally operating them requires the development of an appropriate and practical market-based
mechanism. In this context, this chapter modeled a LEM for the integration of the EDS and DHS at
the distribution level. The considered LEM was cleared by the DSO using a centralized one-sided
auction to maximize social welfare. Then, the suggested LEM clearing model was applied to an [IEHN
under the technical constraints of both EDS and DHS. Output results specified that distribution
locational marginal prices are affected by a set of factors, including the topology as well as demands

of the network.
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