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Resource-specific Orders in European Day-ahead
Market Under Different Pricing Rules

Ilias G. Marneris, Andreas V. Ntomaris, Pandelis N. Biskas, and Grigorios A. Dourbois

Abstract—This paper addresses two issues that concern the
electricity market participants under the European day-ahead
market (DAM) framework, namely the feasibility of the at-
tained schedules and the non-confiscation of cleared volumes.
To address the first issue, new resource-specific orders, i.e., ther-
mal orders for thermal generating units, demand response or-
ders for load responsive resources, and energy limited orders
for storage resources, are proposed and incorporated in the ex-
isting European DAM clearing problem. To address the second
issue, two approaches which lead to a non-confiscatory market
are analyzed: @ discriminatory pricing with side-payments (U.S.
paradigm); and @ non-discriminatory pricing excluding out-of-
money orders (European paradigm). A comparison is per-
formed between the two approaches to investigate the most ap-
propriate pricing rule in terms of social welfare, derived reve-
nues for the sellers, and efficiency of the attained results. The
proposed model with new resource-specific products is evaluat-
ed in a European test system, achieving robust solutions. The
feasibility of the attained schedules is demonstrated when using
resource-specific orders compared with block orders. Finally,
the results indicate the supremacy of discriminatory pricing
with side-payments compared with the current European pric-
ing rule.

Index Terms—Day-ahead market, demand response, energy
storage, non-confiscatory market, pricing, thermal order.

NOMENCLATURE

A. Sets and Indices

beb Step of supply order or demand order

ege éy. Exclusive group of block orders in bidding
zone z

feF Step of start-up process of thermal order

le L Index of interconnection

L,,cL Set of interconnections subject to ramping re-

strictions on power flow variations between
succesive hours
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0oe 0. Order submitted to bidding zone z, where
O=DoU soU BOU 7HOU DROU ELO,
DO denotes demand orders; SO denotes sup-
ply orders; ZBCO denotes block orders
(LBOc BO, LBO denotes linked block or-
ders); 7ZH(© denotes thermal orders; DRO
denotes demand response orders; and L0
denotes energy limited orders

80,2 SO Orders subject to load gradient condition

§0,,,2S80  Orders subject to the minimum income condi-
tion

te 7 Index  of  hourly  period,  where
7%'=77'J 7, Zincludes the 24 hourly trad-
ing periods, 77*" includes the hours preced-
ing the first trading period

zeZ Index of bidding zone

B. Parameters

Ay A, Elements of incidence matrices denoting if
orders so and bo belong to bidding zone z

Ao oo Apoes  Elements of incidence matrices denoting if
block order bo is linked with linked block or-
der lbo or belongs to exclusive group eg

AR}" The minimum acceptance ratio of block or-
der bo

ATC", The minimum and maximum available trans-

ATC™ fer capacities of interconnection / in period ¢
(MW)

BPg; The minimum baseload period of order dro
(hour)

DP;.DPye" The minimum and maximum delivery peri-
ods of order dro (hour)

ES E%h Daily energy quantities offered by order elo
for charging and discharging (MWh)

ENX The maximum storage capacity of order elo
(MWh)

FAGY The maximum frequency of activations of or-
der dro in course of trading day

G*,G" Increasing and decreasing gradients of sup-
ply order so subject to a load gradient condi-
tion (MW/h)

IF,,, Energy inflow of order elo in period ¢t (MWh)

Lok [@or Toad pickup and drop rates of order dro
(MW/h)
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Parameter denoting that interconnection /
starts from bidding zone z (equal to 1) and
ends to bidding zone z (equal to —1)

Large constant
Cycle efficiency of order elo

Price-quantity pair of order o (€/MWh,
MWh)

The minimum and maximum offered quanti-
ties of order o (MWh)

Energy level of step f of start-up process of
thermal order tho (MWh)

Ramp up and down rates of thermal order
tho (MW/h)

Ramp up and down limits of net position for
bidding zone z in period ¢ (MW/h)

Ramp up and down limits of power flow in
interconnection / and period ¢ (MW/h)

Start-up cost of thermal order tho (€/start-up)

Synchronization, start-up, and shut-down

time of thermal order #ho (hour)

The minimum up and down time of thermal
order tho (hour)

Variable and fixed terms of supply order so
subject to a minimum income condition (€/
MWh, €)

The minimum required daily revenue of or-
der o, where oe SOUTZHOUDROU ELO
©

Attained market revenue of order o submit-
ted with a minimum income condition,

where 0 € SOU ZHOU DROU ELO (€)
Welfare of block order bo (€)

Dual variable of net position of bidding zone
z in period ¢

Dual variables of ramping limitation on net
position of bidding zone z in period ¢

Energy level of order elo in period ¢t (MWh)

Power exchange in interconnection / in peri-
od ¢t (MWh)

Net position of bidding zone z in period ¢
(MWh)

Cleared quantity of order o in period ¢
(MWh)

Cleared quantities of order tho in start-up
and shut-down statuses in period ¢ (MWh)

Cleared charging and discharging quantities
of order elo in period t (MWh)

Binary variable representing clearing status
of order o

Binary variables denoting that order tho is in
synchronization, start-up, normal dispatch,
and shut-down clearing statuses in period ¢

U 1 Ul Binary variables denoting that order elo is in
charging and discharging clearing statuses in
period ¢

Xo Acceptance ratio of order o

YorrZor Binary variables which are equal to 1 if

clearance of an order begins and ends in peri-
od ¢

I. INTRODUCTION

S a main pillar towards the development of a single Eu-

ropean electricity market [1], the coupling of national
day-ahead markets (DAMs) based on implicit allocation of
cross-border capacity was legally enforced through ENTSO-
E network code on capacity allocation and congestion man-
agement and the respective regulation [2]. Several steps have
been accomplished to achieve the practical implementation
of this venture [3]. Currently, the “Multi-regional Coupling”
covers more than 85% of the European power consumption.
The DAMs in this region are cleared through the “Euphe-
mia” algorithm [4]. Except from hybrid hourly orders (step-
wise or piece-wise price-quantity pairs) and prezzo unico na-
zionale (PUN) orders (Italian peninsula), the Euphemia solv-
er also supports other order types for managing techno-eco-
nomic characteristics of the resources, such as block orders
and complex orders [4]. These orders introduce non-convexi-
ties in the market clearing problem and thus, necessitate a
special handling in the formulation.

Even though block and complex orders embed some of
the techno-economic characteristics of thermal generating
units, they are not able to capture detailed operating con-
straints. This issue has been raised by stakeholders in Eu-
rope, and the ideas of the incorporation of thermal orders
(THOs) have emerged [5], which would better simulate the
operating constraints of these resources but without proceed-
ing to modeling details. The incorporation of THOs would
be of particular interest in unit-based schemes (e.g., Italy,
Greece), where each unit submits separate orders and consti-
tutes an individual balance perimeter. In unit-based schemes,
the participant has a strong motivation to create a market
schedule, which is as close as possible to the real power tra-
jectory of a unit. In contrast, in portfolio-based bidding
schemes, the portfolio managers bid directly for larger port-
folios which may include generating units, demand and stor-
age assets, and/or power exchanges with neighboring bid-
ding zones. Then, they allocate the overall bid to their re-
sources according to their own criteria so that the overall
(portfolio) market schedule is respected.

THOs could also contribute to a more efficient integration
of renewable energy sources (RESs), due to their flexibility
to adapt more accurately to changing net load (load minus
RES) conditions compared with block orders.

At the same time, a gradual transformation is attempted
from a conventional-resource market to the one with wide-
spread diffusion of renewable generation [6]. Alongside, the
integration of energy storage facilities including pumped-hy-
dro storage, batteries and electric vehicle fleets [7], as well
as the active demand-side participation [8], has become an
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important policy objective. The need for a “shift from the ab-
stract bidding format approach to much more resource-specif-
ic products” [9] for such types of resources has also been
identified. New “loop orders” in Epexspot [10] bundle buy
and sell blocks in an attempt to represent the charging and
discharging phases of a storage resource in a more accurate
manner. This highlights the need for a continuous update of
the bidding formats as the needs of market agents evolve [9].

In terms of clearing, the European DAM constitutes a non-
convex problem since binary variables are used for the mod-
eling of indivisible market orders. Pricing rules in such non-
convex auctions have been put under scrutiny by the scientif-
ic community [11], [12], since it is difficult to find uniform
prices that guarantee total cost recovery for the participants
and to avoid the so-called “economic confiscation” phenome-
non. In other words, the marginal clearing price (MCP) re-
flects the variable or incremental cost components of the of-
fers but not the fixed cost components which introduce non-
convexities (e. g., start-up or no-load cost). To render the
market non-confiscatory, different pricing rules have
emerged, especially in the U.S. and the E.U. power markets
[13], which are summarized as follows.

1) Discriminatory pricing with side-payments (Case A): a
uniform price is obtained from market clearing and the addi-
tional side-payments (uplifts) are provided for fixed costs
that could not be recovered through uniform prices. This
pricing rule is generally followed by the U.S. power mar-
kets, e.g., CAISO [14] or the Irish paradigm [15]. The out-
of-the-market settlement of these make-whole payments
brings forth some skepticism about their transparency, al-
though the way of their calculation is strictly defined in the
market rules. In the results, however, it is proven that the
side-payments may represent a very small portion of the to-
tal revenues of the producers.

2) Non-discriminatory pricing internalizing fixed costs
(Case B): the price formation considers the problem non-con-
vexities in an attempt to reflect the participants’ fixed costs
as well. References [16]-[18] seek to minimize the side-pay-
ments by allocating the fixed operational costs in the margin-
al prices perceived by the generating units. A real-case exam-
ple is the “hybrid pricing” of NYISO [19] or the “extended
locational marginal pricing” of MISO [20], which includes
start-up and no-load costs in pricing.

3) Non-discriminatory pricing excluding out-of-money or-
ders (Case C): a uniform price is derived from market clear-
ing, which is the final settlement price. However, the appro-
priate controls are included in the algorithm to ensure that
no market order is cleared which incurs a loss to the partici-
pant. The concept of removing paradoxically accepted orders
(PAOs) from the final market solution has applications in
most European DAMs [4]. In the results, it is proven that
this market order exclusion leads to higher final revenues for
the producers and thus higher costs for the end consumers,
compared with the additional burden incurred by the side
payments under Case A.

Finally, for example, compared with the U.S. system, one
idea of the European model is the simplicity of the bidding
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formats, e.g., block orders. Our position is that this is a mat-
ter of participant choice and not a matter that should be pre-
defined from a market-design point of view. Put it different-
ly, both choices could be provided to the participants (e.g.,
block orders and resource-specific orders), so that they can
decide which is the best option for them in everyday opera-
tion. With regards to the algorithm complexity, the mathe-
matical problem formulation under the inclusion of resource-
specific orders is tractable in the case study examined in this
paper. Notably, the execution time is lower in Case A than
that in Case C, which involves an iterative process.

Several research works have been proposed to appropriate-
ly model the block and complex orders under the European
framework, in order to deal with non-convexities and to ap-
propriately handle the PAOs. Table I summarizes the main
features of the state of the art. As shown, most research
works include block orders, whereas fewer add the linked
block orders, the exclusive group of block orders, the Prezzo
Unico Nazionale (PUN), and the minimum income condition
(MIC) orders. To the best of the authors’ knowledge, there
is no literature dealing with resource-specific orders under
the European DAM clearing framework. In terms of pricing,
most of research works utilize one pricing scheme. Notably,
the research on the European market framework employs
pricing rule of Case C.

In [16], a minimum uplift pricing approach is presented
based on a decentralized formulation, where the problems of
generators and market operators are simultaneously solved.
In [17], a non-convex market settlement regime is proposed,
where the prices also incorporate an uplift account. The mar-
ket is cleared considering block orders, and the PAOs are
compensated without any out-of-the-market process. The
DAM is cleared with block orders in [18] using a bi-level
programming model. The execution or rejection of the block
orders is resolved at the upper level, whereas the lower level
is used for the computation of market prices.

Reference [21] presents a mathematical approach for the
solution of a multi-area dispatch, in which the production
and demand of the same area may be cleared in different
prices. The main principle is the formulation of a mixed
complementarity problem for the system equilibrium condi-
tions, in which the supply and demand are associated to ex-
plicitly or implicitly defined prices. The simulation results in
[22] argue against restricting the use of blocks in the DAM,
in terms of size, time span, and the number of blocks (per
participant/per day).

A revenue-constrained market clearing method is studied
in [23], where a primal-dual formulation aims at finding ade-
quate prices that fulfill the minimum revenue requirements
of all participants. Reference [24] assesses the impact of the
pricing rule on the long-term investment incentives, by utiliz-
ing a long-term capacity expansion model. Results show that
the linear pricing rule (non-discriminatory pricing) does not
necessarily produce higher prices than the non-linear rule
(discriminatory pricing). In fact, the linear pricing can lower
the price since it attracts generation technologies with lower
variable costs.
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TABLE I
MAIN FEATURES OF STATE OF THE ART
Reference moddl N biockorder of block oraers order MCOT DR0 L0 gones ey

[16] LP No No No No No No B
[17] MILP Yes No No No No No B
[18] MILP Yes No No No No No B
[21] MCP No No No Yes No No 5 C
[22] MILP Yes No No No No No C
[23] MILP No No No No No No 24 B
[24] MILP No No No No No No A, B
[25] MPEC Yes Yes No No No No 10 C
[26] MILP Yes Yes Yes No Yes No 42 C
[27] LPMCP Yes No No No No No 42 C
[28] MILP Yes Yes Yes No Yes No 42 C
[29] MILP Yes No No No No No C
[30] LP No No No No No No 1 A
[31] MILP No No No No Yes No 300 C
[32] MILP, MCP Yes Yes Yes Yes Yes No 42 C
[33] MILP Yes No No Yes Yes No 3 C
[34] MILP Yes No No Yes No No

[35] MILP Yes No No Yes No No C
[36] MILP Yes No No Yes No No 22 C
[37] MIQCP Yes Yes No Yes Yes No 53 C
[38] MILP, MCP Yes No No Yes Yes No 14 C
[39] MILP Yes Yes No No Yes No 1 C
[40] MILP Yes Yes Yes No Yes No 1 C
[41] MILP Yes No No No Yes No

This paper MILP Yes Yes Yes No Yes Yes 42 A, C

Note: DRO and ELO are short for demand response order and energy limited order, respectively; and in this table only, MCP refers to the mixed comple-

mentarity problem.

n [25], the pricing, modeling, and clearing of the Europe-
an DAM are presented, incorporating simple, block, and flex-
ible hourly orders, and transmission network constraints. The
optimization problem is formulated as a relaxed mathemati-
cal programming with equilibrium constraints (MPECs) and
is decomposed into a mixed-integer quadratic program
(MIQP) and a linear pricing problem. In [26], an iterative al-
gorithm is presented for the European DAM clearing, incor-
porating block orders, flexible hourly orders, complex or-
ders, and transmission and net position constraints. During
the iterative process, the PAOs are effectively removed from
the order book. Further, [27] presents the DAM clearing
with two different methods, i.e., a linear programming (LP)
model and a mixed complementarity problem. The mixed
complementarity problem can simulate adjustable product
types by incorporating non-linear mixed pricing rules, but it
is computationally demanding. In contrast, the LP model is
computationally efficient but not flexible enough to handle
an extended variety of adjustable supply/demand block or-
ders.

A mathematical formulation that incorporates various mar-
ket products and transmission constraints of the European
DAM is proposed in [28]. The problem is formulated as a
mixed-integer linear programming (MILP) model and is

solved within an iterative algorithm for the handling of para-
doxically accepted block and the minimum income orders.
In [29], a primal-dual approach is presented for the DAM
clearing with MIC and block orders. An MILP formulation
of the market clearing problem is presented, avoiding the in-
troduction of auxiliary variables and relying on an exact lin-
earization of the MIC. Additional MILP formulations are dis-
cussed, namely the maximization of the traded volume and
the minimization of opportunity costs of paradoxically reject-
ed block bids. An ex-post multipart pricing scheme, referred
to as the dual pricing algorithm, is proposed in [30] for a
revenue neutral and non-confiscatory DAM. Bilevel program-
ming is used in [31] for solving the DAM, where generation
revenue constraints are explicitly incorporated in the prob-
lem formulation. The bilevel mixed-integer non-linear pro-
gram is transformed into an equivalent single-level MILP us-
ing a primal-dual transformation.

In [32], the DAM clearing incorporates the PUN price of
the Italian market, along with other European market orders,
considering an available transfer capacity (ATC) based net-
work representation and flow-ramping constraints. A master
problem formulated as MILP is solved iteratively incorporat-
ing all European market orders except for the PUN orders;
this problem removes the PAOs from the order book. Then,
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24 hourly PUN sub-problems formulated as mixed comple-
mentarity problems are solved sequentially. Reference [33]
provides an alternative MILP formulation for uniform pur-
chase prices (such as the PUN price), while [34] analyzes
the effects of introducing block orders into the Italian mar-
ket in terms of computation time, PUN level, and the num-
ber of paradoxically rejected orders. Reference [35] formu-
lates the DAM clearing with a uniform purchase price and
zonal selling prices, as a computationally tractable MILP
problem solved for the Italian market, and the model is ex-
tended in [36] to include curtailable block orders and more
bidding zones. References [37] and [38] further analyze the
clearing of the block and the PUN orders.

Reference [39] extends the European energy-only DAM
by incorporating the reserve market and satisfying the rele-
vant constraints at 15-min, 30-min, and hourly levels. The
MIC is also extended to consider the revenues from the re-
serve market in addition to the energy revenues. Reference
[40] concludes that the overuse of block and MIC orders
may reduce the flexibility in the offered energy and there-
fore, may lead to high deviations in hourly MCPs and non-
feasible market schedules.

Finally, the combination of the minimum income, load gra-
dient, and auxiliary scheduled stop complex conditions is ex-
amined in [41].

The contributions of this paper are as follows.

1) Inclusion of “resource-specific” orders in the European
DAM clearing problem, by extending a previous market
clearing formulation [28] that incorporates the main function-
alities of the Euphemia algorithm (benchmark model). Three
new types of orders are proposed and modeled, namely the
THOs, DROs, and the energy ELOs. The scope is to include
market products that better fit to the dispatch profiles of
these resources.

2) Analysis and comparison of different pricing rules that
ensure economic non-confiscation of all order types. For
Case A, discriminatory pricing with ex-post side-payments is
considered, while for Case C, a modeling framework is con-
structed where all orders are subject to revenue-constrained
controls during an iterative process. Case B is not investigat-
ed in this work.

3) The proposed modeling framework is evaluated using
the ENTSO-E zonal system, aiming to assess the computa-
tional complexity of the benchmark model in the presence of
the new order types.

The remainder of this paper is organized as follows. Sec-
tion II provides the problem formulation and the solution al-
gorithm. Section III elaborates on the case study and results.
The basic conclusions of the conducted research are drawn
in Section IV along with ideas for future consideration.

II. PROBLEM DESCRIPTION

A. Mathematical Formulation

The proposed DAM clearing model is mathematically for-
mulated as an MILP problem. Equation (1) maximizes the
social welfare, i.e., the total load utility of demand orders
(do) minus the offer cost of supply orders (so), block orders
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(bo), thermal orders (tho), demand response orders (dro),
and energy limited orders (elo).

max F'= z z EPdo.b(tho,b,txdu,b,t -

doe DObe Bte T

z 2 zpso,b,tQSD,b,t‘xso,b,t -

soe SObe Bte T

z szoQbo,szo -

boe BOte T

E(Ptho,tqtho.t + SUCthoytho,t) -

thoe THOte 7

zpdro,lqdm,/ -

droe DROte T
z(Pf/thCIZ;:z_PEZ)rqu )
eloe ELOte T
1) System Constraints
Equation (2) is the power balance equation for each trad-
ing period and bidding zone z. In (3), the net position of
zone is equal to the algebraic sum of all exchanges with
neighboring zones. The values in brackets at the right-hand
side of (3) are the dual variables (Lagrange multipliers) used
for the computation of the MCPs (see Section II-B). An
ATC-based model is adopted herein, and a flow-based net-
work representation could also be used.

z Qso,[},zxsu.,h.,l + Z Qbo‘lxbo-"_

soe SO.belB bo € BO.

2 qtha,t+ 2 qde +

tho € THO. dro e DRO.
dch ch

z (Geto.c— Geto )~ z z Qob.Xdobs =
eloe ELO. doe DO.be B
zLZZJ’exU Vze Zte 7 Q)
lel '

P..= ELZ_,ﬁ,-ex,., VzeZteT [i,] &)

lel

Inequality (4) expresses the minimum and maximum ex-
change limits in the interconnections based on the available
transfer capacities. Notably, high-voltage direct current
(HVDC) lines with high ramping capabilities may lead to
big variations of the power flows between two consecutive
trading periods. In this case, the inadequate ramp capabilities
and available reserves of generators may not be able to cov-
er possible rapid changes in real time. To this end, (5) im-
poses ramping limitations on the variations of each zone’s
net position between successive hours [32], while (6) enforc-
es ramping restrictions on the power flow variations in the
interconnections [42].

ATC" <ex, ,SATCY™ Yle Lite T 4
“RESp. P SRY Vze Zte 7 [phpll (5)
—R{'<ex,,—ex,, <R} Vlel,, . teT (6)

2) Existing Market Orders

Constraints (7)-(11) model the clearing conditions of or-
ders that are currently tradable in the European DAMs.
More specifically, (7) denotes the upper clearing limit of
simple hourly demand and supply orders. In (8), ramping
limitations are enforced in the cleared quantities of succes-
sive trading periods for supply orders subject to the load gra-
dient condition (Iberian market). These constraints are not
imposed for the first trading period #,. In (9), the cleared
quantity of a block order is delimited between its minimum
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and maximum acceptance ratios (the latter is equal to 1).
Constraint (10) determines the relationship between a linked
block order /bo and its “parent” block order bo. The main
purpose of linked block orders is to assist producers in
scheduling their generating units either at zero production or
above their technical minimum production.

0<x,,,<1 Yoe DOUSObeBteT @)
_G?I: < z Q.Yo,b,l‘x.vo.b.t_ z Qm,b,tf]x.m,b,tf] < lets

bel bel
Vso e SO, teiT|t>1,} (8)
AR} u, <x, <u,, Vboe BO )
0<x,,< z Ay oXs, VIbo € LBEO (10)

bo € BO
z Ay ogthy, <1 Vege G (11)
bo € BO

Inequality (11) models the clearing condition of block or-
ders belonging to an exclusive group eg. Between the vari-
ous block orders submitted by a participant within an exclu-
sive group, the optimization criterion selects the one that

Cleared
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maximizes the objective function. Such order type allows
participants to propose for different production patterns. The
disadvantage is that the algorithm may only choose between
the pre-defined blocks by the participant, without being flexi-
ble to optimally schedule the output of the generating units
at an hourly level depending on system conditions.
3) THOs

The proposed THOs model the successive operating states
of a thermal generating unit upon start-up. As shown in Fig.
1, the clearing of a THO begins at period ¢, (v, ~1) and re-
mains in effect (u,,, ~1) until period #; (z,, ,~1). Once accept-
ed, the THO follows four consecutive operating phases: (1)
synchronization, during which the plant injection into the
system is zero; (2) start-up, which is a step-wise soak trajec-
tory from the synchronization load to the minimum quantity
of the THO; 3 normal dispatch, during which the cleared
quantity varies between the minimum and the maximum or-
der quantities, and @) shut-down, which is a stepwise desyn-
chronization process with a linear decrease rate from the
minimum quantity to zero production.

€ Off On Off
qgl]\z;[n\;t)y (ulho,I:O) H (uzho‘/:l) : (ulhn,l:O) ,
Synch:ronization i Start-up Normal dispatch Shut-down! ‘
[Amax I . su g T disp_y T Tosd —q! ! ‘
Qt‘;:l; ] ”rﬁ)m ~1 Upo,i [N u/hu{lil — ﬂ : d, o
| 1
o L Ta [ Ta ity
Qo :
§ Begin ;
i (yrh().lzl) i
0 1 1 r; ‘

Fig. 1. Operating states of a THO.

Constraints (12)-(16) model the aforementioned operating
states. Equations (12) and (13) ensure that the THO enters
the synchronization status immediately after clearing and the
start-up status upon that. In (14), the cleared quantity during
the start-up status follows a user-defined sequence of mega-
watt values. In (15), the THO enters the shut-down status,
during which the cleared quantity decreases linearly from
the minimum order quantity to zero in (16).

sy _
utho, t—

t
z Vio: Vthoe THOte T

==+ 1

(12)

s
=T

Wi= D Vi Vthoe THOte 7 — (13)
t=t=To =T +1
Ty
g = le Viosern—sr Oty Vtho e THOt e T (14)
t+ Ty -1
wp = > Zy,, Vthoe THOte T (15)
T=1+1

+T50—1 min
D= D Zyoe(T=1) —T{f; Vitho e THO.te T (16)
7=t tho

Constraints (17) and (18) represent the minimum up/down
time limitation of the THO. The logical relations of the clear-
ing status binary variables are provided in (19)-(23). For ex-
ample, (19) ensures that a THO is in only one clearing sta-
tus in a given trading hour. Note that constraints (22) and
(23) can be omitted without altering the problem solution;
they are proposed for a faster execution. Constraints (24)
and (25) describe the upper and lower limits for the cleared
quantity of a THO, respectively. Finally, (26) imposes hourly
ramping restrictions on the cleared quantities between con-
secutive trading periods.

13
z Voo SUp,, Vthoe THOte T

)
t=t— UM+ 1
13
2 Zgoo S 1=y, Vithoe THOte 7  (18)
t=t-DIM"+ 1

_,sn su disp sd
utho,t - utho,t + utho,t + utha.t + u[ha.t

Vthoe THOte 7 (19)
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Yiho,t ™ Ztho,t = Uiho,t ™ Utho, -1 Vthoe THOte T (20)
VioutZu, <1 Vthoe THOte 7 21
VinosSty,, Ythoe THOte T (22)
Zpoie1 SUy,, Vthoe THOte T (23)

Do, 2 0~ i+ Qi+ G+ Qg Uil
Vthoe THOte 7 (24)

Do, SO g+ T+ T+ Oy Wi
Vthoe THOte 7 (25)

__pdn  disp _ sd _ up , disp
R Winors = M (Z o+ Wino,t ) S Qino,s = Qo1 < Rio Ui+

Mg +uy,,) Vitho € THO 1 e{7]t>1,,}
4) DROs

A dispatchable consumer may not be able to provide its re-
sponsiveness unless during a minimum period of time, as
provisioned in (27). Similarly, the dispatchable load may not
be available during extended periods of time, thus a maxi-
mum delivery period is foreseen in (28). Limitations may al-
so exist in the period between two successive activations;
therefore, a minimum baseload period is ensured in (29).
The participant may limit the frequency of activations in the
course of a day, as per (30). Constraints (31)-(33) model the
logical relationships of binary variables denoting the clearing
status for the DROs. Again, (33) can be omitted without al-
tering the problem solution.

13

(26)

2 ydro.zgudm‘t Vd}"O € Dkate T (27)
t=1-DPJ+ 1
t=1+DP}
Zio e 2 Uy, Vdroe DROte 7T (28)
T=t+1
13
2 ZgoeS1 =y, Vdroe DROte7  (29)
c=i-BPpRel
zyd,,MSFA;‘r";" Vdro e DRO (30)
teT
ydm,t_zdm.tzudmet_udro,tfl vd”O € Dkate 7— (31)
VarosTZars <1 Ydroe DROte 7 (32)
Zdru,t+1 Sudro,z‘ Vdro € Dkate 7- (33)

Demand response resources usually respond to instructed
variations of their load with high ramp capability. Occasion-
ally, however, the full provision of resources may take some
time; load pickup rates and load drop rates in (34) resemble
the respective ramp rates of the generating units. Finally, the
maximum and minimum offered quantities of a DRO are im-
posed in (35). Note that the synchronization, start-up, and
shut-down phases presented earlier for THOs mimic specific
power trajectory limitations of thermal turbines. In case such
operating phases are considered appropriate also for the
DROs, a similar modeling approach could be followed.

Ly <1~ Qo1 <L Vdroe DROte 7 (34)
Vdroe DROte 7 (35)

min max
dro udra,t S qdro.t - dro ud}‘o,t

5) ELOs

Energy storage resources are able to exploit the market
price spreads between the periods of high and low demands.
This strategy, referred to as arbitrage, is reflected in the last

term of objective function (1) and involves purchasing low-
price energy at off-peak hours (i.e., charging the storage re-
source) and selling it back to the DAM at a reasonably high-
er price (i.e., discharging the storage resource). The ELOs
proposed here are intended to address generic storage con-
straints, facilitating the participation of various storage re-
sources in the DAM (e.g., water reservoir or electrochemical
batteries).

Constraints (36) and (37) impose the minimum and maxi-
mum discharging and charging capabilities of an ELO, re-
spectively. Constraint (38) ensures that an ELO will not be
cleared in charging and discharging statuses simultaneously,
which is rational from a market design point of view. Note
that this constraint can be omitted, since under normal trad-
ing behavior, the optimization criterion will ensure this con-
dition. Equation (39) expresses the time-coupling energy bal-
ance, namely the state of charge decreases when discharging
and increases when charging or inflows incur (e.g., in the
case of pumped-hydro stations), accounting also for the effi-
ciency of the charging-discharging cycle. The state of charge
at the beginning of the trading horizon (i.e., ¢,,) is deter-
mined in (40). For any other hours, the state of charge is
bounded between the maximum and minimum storage limita-
tions in (41). Finally, constraints (42) and (43) provide the
opportunity to limit the total energy discharging and charg-
ing operation during the trading day, respectively.

Qs ™" Ul < 4t < QU ™ Uiy, Velo e ELOIE T (36)
Veloe ELOte 7 (37)

ch,min , ch ch ch,max , ,ch
u < qelo,t S Q u

elo elo.t = elo elo,t

ulh +ult <1 Veloe ELOte T (38)
eelo,[: eelo.,tfl +IFelo.t+ neloqgﬁln,t_qj;:t velo € (""L'(?’ te 7 (39)
eelo,t: E(i’llz; V@ZO € 5[:(9, 1= tini (40)
0<e,, <E}" Veloe ELOte T 41)
zqf,’,‘;f,SEj,‘;" Velo e ELO (42)

te7 )
gl <Eq Veloe ELO (43)

te7

6) Binary and Non-negative Variables
Constraint (44) defines the feasible space of the binary
variables, while constraint (45) imposes the non-negative
condition in the relevant continuous variables of the problem.
Upos Uino, 1o U dro, 1> u;i:)lt’ ufltlo.t’ ugZ{)rv uflrfu,t’ uZL,n uZZﬁt’ytho,t’Ztho,r’

Varo» Zaros €40, 1} Vbo € BO,tho € TH O,
droe DROeloc ELOte T

ch

su sd dch
qthu,t’ qdra,t’ qtha,t’ qtho.t’ qelo.t7 folo,ﬂ eelo.t’ exl,t 2 0

Vtho € THO.dro e DRO,elo € ELO € Lite T (45)

(44)

B. Price Formation

The DAM clearing model described above incorporates in-
teger (binary) variables to model the various types of orders.
As a result, an MILP problem is formulated and the attained
dual variables do not determine the MCPs in a straightfor-
ward manner. The method used in this paper for the compu-
tation of MCPs is based on [43], according to which the bi-
nary variables are fixed to their optimal values and the same
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(now continuous) problem is re-solved to derive the shadow
prices of all constraints. Most MILP solvers make this calcu-
lation inherently. Then, the hourly MCPs are computed us-
ing the following equation:

m = h — (- N+ —udh ) Vze Zte T (46)

C. Solution Algorithm

As shown in Fig. 2, with regard to Case C, the iterative al-
gorithm for the incorporation of resource-specific orders in
the DAM clearing problem is as follows.

(=0

Solve the Pan-European DAM
(1)-(45)
¥

Calculate MCPs (46) |

Are there PAOs?

Remove all PAOs
from order book (47)

Are there cleared
orders not fulfilling their
MIC?

Give Y-1 opportunities to
satisfy the MIC. If MIC N
is not satisfied during
these opportunities,
remove from the order
book (48)-(55)

Fig. 2. Iterative algorithm.

1) Step I: the DAM problem in (1)-(45) is solved first to
attain the cleared volumes of all submitted orders. The opti-
mization horizon is 24 hours.

2) Step 2: the MCPs of each bidding zone are calculated
using (46).

3) Step 3: consecutive controls identify any: (D PAOs; 2
supply orders, THOs, DROs, and ELOs that do not fulfill
their MIC. PAOs are immediately excluded from the order
book. For supply orders, THOs, DROs, and ELOs that do
not fulfill their MIC in current iteration, the specific controls
are applied as described below.

4) Step 4: in case where there are no PAOs and orders
that do not meet their MIC, the algorithm terminates. Other-
wise, the process continues with Step 1.

The respective algorithm for Case A includes only Steps 1
and 2. No order control is applied and the process termi-
nates with a single iteration. Side-payments are then calculat-
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ed ex-post.
1) Control of PAOs

In Step 3 of each iteration, the welfare of each block or-
der is calculated as:

w,, = z[

te7

z(Az.bo”z‘t)_Pba:|Qbo.txbo Vbo e BO (47)
zeZ
where x,, is the optimal value of x,, derived from Step I of
current iteration. In case the welfare is negative, the order is
designated as PAO and is removed from the order book.
2) Control of Orders Under an MIC

The attained market revenue V" of each supply order
submitted with an MIC condition is calculated as:

Var= > > S (A . ) %1, Vs0€ SO,

te7beBze Z (48)

Vam is compared with the revenue required by the partici-

pant V. The latter incorporates both the variable term
VT and the fixed term FT"“ of an MIC order:

VIl=VTE S > (Xop Qo) +FTLC Vso € SO, (49)

teZbel
If V"<Vl the order is removed from the order book.

However, if the supply order is close to fulfil its MIC in a
given iteration, ¥ opportunities are provided to the order for
being accepted in the following iterations. Specifically, the

“revenue ratio” is calculated in current iteration as:

re atn
y o — 71/5"‘1_4 V" g0 e SO,
Vi

If this ratio is lower than a specific threshold X (e. g.,

10%), another Y—1 opportunities are provided to this order

for meeting its MIC. Similar MIC controls are implemented

for the newly proposed orders, based on the comparison be-

tween attained market revenues (51)-(52) and required reve-
nues (53)-(55).

ver=>r.4,, VoeTHOUDRO,

(50)

G
Vi = 27— a) Veloe ELO. (s
Vid=VT,,- tzrq,,,{,ﬁSUc,,m Vitho e THO (53,
Viea=yrT, . ET%,; Ydro e DRO (54)

‘e
V. user - defined (55)

The derivation of market dearing process is given in Ap-
pendix A.

III. CASE STUDY AND RESULTS

A. Case Study

The proposed model is applied in a test system compris-
ing 42 European bidding zones (indicated by the abbrevia-
tions) and 72 interconnectors, as shown in Fig. 3. The net
transfer capacities (NTCs) in continental Europe, the Nord-
pool region, and the six Italian bidding zones have been
gathered from the ENTSO-E Transparency Platform [44] and
TSO websites for year 2018. The respective ATC values
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have been calculated after subtracting the already nominated
capacities from the NTC, and the already nominated capaci-
ties are generated in a random way for the purposes of this
case study. The ATCs along with the techno-economic data
of all orders used in this case study have been published in
[45]. The THOs are submitted in the Greek (GR) bidding
zone for the purposes of this case study. The demand bids
comprise ten price-quantity steps per bidding zone and per
hourly trading period. In terms of quantity, the first step rep-
resents the inelastic demand while the remaining steps repre-
sent the elastic demand. The assumption is that the elastic
demand (sum of nine steps) is 30% of the total demand
(sum of ten steps). In terms of price, the first step (inelastic
demand) is priced at 1000 €/MWh. The remaining steps
(elastic demand) follow a descending price trend and are
closer to the actual MCPs for a typical day of year 2018 as
taken by the ENTSO-E Transparency Platform [44].

7

r\v'.'.*'*' ‘

4. HR |

Lo BF 7 B
T

[ ] Bidding zone; —— Interconnector

Fig. 3. European bidding zones and interconnectors.

For back-testing purposes, we first evaluate the perfor-
mance of the benchmark model (i.e., without the proposed
resource-specific orders) in a real-world market case. Specifi-
cally, the Greek DAM has been simulated for the 31 days of
December 2021, by utilizing the real hybrid curves and
block orders as published by the Hellenic Energy Exchange
[46]. The actual and simulated DAM clearing prices are
shown in Fig. 4, which demonstrates the convergence
achieved. The average DAM clearing price for December
2021 is equal to 235.384 €/ MWh, whereas the simulated one
is equal to 235.498 €/MWh. The average price deviation is
equal to 0.114 €/MWh, whereas the standard deviation of
the differences is equal to 0.5398 €/MWh.

For comparison purposes, three test cases are examined
below.

1) Case A. One-shot process includes only Steps I and 2
of the algorithm, without any order control. To render the
market non-confiscatory, additional make-whole payments
are assumed.

765

N W A
[ R e I e =)
S O O O O

100

Clearing price (€/WMh)

2021-12-10 2021-12-20 2021-12-31
Date

— Simulated DAM clearing price; --- Actual DAM clearing price

0
2021-12-1

Fig. 4. Curves of actual and simulated DAM clearing prices.

2) Case C. The block orders, THOs, DROs, and ELOs
which incur a negative welfare to their participants are re-
moved from the order book, according to the description of
Section II-C, to ensure non-confiscation.

3) Case BO. Similar with Case C with the exception that
the THOs are substituted by comparable block and linked
block orders. When a THO has a minimum up time longer
than 24 hours, a respective 24-hour block order is created in
Case BO with a quantity equal to the minimum quantity of
the THO and a price equal to the average price of the THO
over the 24 hours. On top of this block order, 24 hourly
linked block orders are created at the same hourly price as
the THO. When a THO has a minimum up time shorter than
24 hours, a respective exclusive group of orders is created in
the Case BO. Each block of the exclusive group starts at
each successive hour of the day and has a duration equal to
the minimum up time of the respective THO.

B. Clearing of THOs

Typical examples of THO clearing are presented in Fig. 5
for the Greek bidding zone. The description below demon-
strates that a feasible scheduling is attained using the pro-
posed THOs.

Z600p i
E ~~
S = 400
z =
g 2 200 " Orin
L 2 U R - O U PAR—
I — ‘
1 4 8 12 16 20 24
Trading period (hour)
(@)

2600 +Ema
=]
S = 400
7%

200
% . /,Qmi!'
— 0 )
© 1 4 8 12 16 20 24

Trading period (hour)
(b)

—~Case A; ---- Case C;—Case BO

Fig. 5. Typical examples of THO clearing. (a) THOL. (b) THO2.

In Fig. 5(a), in Case A, the THO (THO1) follows a typi-
cal start-up/normal dispatch/desynchronization process, re-
specting a minimum up time of 8 hours. The same happens
in Case C, however, the THO is cleared during more trading
periods. This happens because several lower-cost THOs do
not fulfill their MIC and are removed from the order book
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during the iterative process of Case C. Thereby, the prices in-
crease and the THO in question covers its required revenue.
A different production profile is cleared in Case BO based
on the equivalent exclusive block order. This block profile
does not respect the operating constraints of the associated
thermal generating unit (i.e., start-up process and desynchro-
nization process) and is not flexible enough to adjust to the
hourly load requirements.

Note that the THOs could be an additional possibility to
the block orders, or they could entirely replace the block or-
ders in the European market clearing algorithm. Consider the
following example: a participant submits a block order with
0,,.=100 MWh/h for 7 hours. The minimum acceptance ra-
tio is AR} =0.6. This means that the block order can be ac-
cepted for any quantity between 60 MWh/h and 100 MWh/
h. The accepted quantity will be the same for all hours,
since Q,,, is the same and the acceptance ratio is common
for all hours. Alternatively, the participant may submit a
THO with the maximum quantity Q;>,=100 MWh and the
minimum quantity Qjr,=60 MWh for the same 7 hours.
The minimum up time of this order is UT,"=7 hours; thus,
this order will be either accepted for the full 7 hours or re-
jected in its entirety (similar to the block order). Additional-
ly, the synchronization, start-up, and shut-down time of this
order may be set to be zero T3'=T;"=T;’=0 and the start-
up profile Oy, - can be left empty. This means that the order
will not follow the different operating trajectories of thermal
unit (similar to the block order). The only difference be-
tween the block order and the THO in this case is that the
accepted quantity for any given hour may be different for
the THO while it will be the same for the block order. This
means that the THO provides a wider solution space to the
algorithm, which can lead to its acceptance in cases where
an equivalent block order would have been rejected. Finally,
a common acceptance ratio could be introduced for the THO
as well, with the possibility to be activated by the user or
not. In this case, all block order features are simulated by
the THO, and thus the THOs could fully replace the block
orders to minimize complexity.

Additionally, the indivisible character of the block orders
produces more frequent jumps in the MCPs from hour to
hour, as shown in Fig. 6 for the Greek bidding zone.

6000
§ 5000 =
= 4000 2
= &
) 3000 <
<
& 2000 g
= 1000 =
0 y - . . - 0
1 4 8 12 16 20 24
Trading period (hour)

Load; - MCP in Case BO; — MCP in Case C
Fig. 6. MCPs in Greek bidding zone.

Another THO is presented in Fig. 5(b). The THO (THO2)
is in desynchronization status at the start of the trading hori-
zon (see Cases A and C). Thus, in the successive minimum
down time hours, the order is not cleared. When the demand
becomes higher (after hour 9), the order is activated again

following a detailed start-up process. The same clearing re-
sults are attained in both Cases A and C, meaning that the
order fulfills its MIC from the first iteration of the algorithm.

C. Clearing of DROs and ELOs

Figure 7 presents a typical example of the DRO clearing
in France (FR) bidding zone. In both Cases A and C, this or-
der is cleared in the trading periods of hours 8-11 and 19-
22, where the system demand and the market prices are high-
er. The order has a maximum frequency of activations equal
to 2, and thus it is cleared only two times during the trading
day. Additionally, it has a maximum delivery period of 4
hours, and thus it is cleared only for four consecutive hours
each time. A user-defined minimum baseload period of 7
hours is also satisfied (the order is inactive between hours
12 and 18). The order is cleared in Case C since the attained
market revenue is higher than the required revenue (the
MCP during the clearing hours is higher than the variable
term of the order).

=
i; 1200 100
2= 900 80 =
= o =
272 600 0 &
= S 15
2 < 300 20 2
2% o 0 =

8 1 4 8 12 16 20 24

Trading period (hour)
—Case A; --- Case C; --- Variable term; — MCP

Fig. 7. Typical example of DRO clearing.

Figure 8 presents a typical example of the ELO clearing
in Great Britain (GB) bidding zone. Energy is stored during
low-price hours 1-7, so that it can be later used for peak
clipping (discharging in hours 11-13 and 18-20). The order
is cleared in both Cases A and C since its MIC is fulfilled in
all iterations of the algorithm.

=
EZ 600 1160 ~
2= =
E < 400t 1120 2
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Trading period (hour)
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Fig. 8. Typical example of ELO clearing.

D. Discussion on Pricing Schemes

Both Cases A and C ensure economic non-confiscation for
the sellers since they compensate for the entirety of the sell-
ers’ costs. In Case A, side-payments are calculated ex-post
as the difference between the required revenues of partici-
pants and the attained revenues in the first iteration of the al-
gorithm. In this paragraph, a comparison is performed be-
tween Cases A and C in terms of social welfare, derived rev-
enues of the sellers, and robustness of the attained results.

Table II presents the social welfare, removed orders, and

execution time of each iteration of the algorithm. Note that
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the magnitude of the social welfare is quite higher than the
revenues of sellers (market revenues) as presented in Table
III. This is driven by the inelastic demand priced at 1000 €/
MWh in this case study. The PAOs removed at the end of
each iteration are shown in the 3™ column of Table II. The
number of eligible orders (i.e., the orders satisfying the con-
dition V/**<0.1, which are provided an additional opportu-
nity to be cleared during the next iteration) is presented in
the following four columns. The number of removed orders
(for which ¥/““>0.1) is presented right after. The eligibility
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threshold is X=10% and the number of opportunities for the
orders bearing an MIC is Y=3. The execution time per itera-
tion is presented in the last column. The overall execution
time respects the European standard (less than 0 min [4]),
but the model complexity could be assessed in the presence
of a higher number of orders compared to this case study.
No warm starting has been utilized between the various itera-
tions, which could potentially decrease further the overall ex-
ecution time.

TABLE 11
SOCIAL WELFARE, REMOVED ORDERS, AND EXECUTION TIME

Tteration Social welfare PAOs Number of eligible order (V/“*<0.1) Number of removed order (¥,“*>0.1) Ex_ecution

(M€) removed  Supply order ~ THO DRO ELO  Supply order ~ THO DRO ELO time (s)
1 5792.997 6 1 3 7 39 5 2 12 35 34.03
2 5792.902 1 1 4 7 39 2 0 0 0 32.94
3 5792.899 0 1 4 7 39 2 0 0 0 32.89
4 5792.722 3 0 1 0 0 2 0 0 0 31.78
5 5792.717 2 0 1 0 0 1 0 0 0 31.94
6 5792.715 4 0 1 0 0 0 0 0 0 32.01
7 5792.717 1 0 1 0 0 0 0 0 0 31.54
8 5792.716 2 0 1 0 0 0 0 0 0 3341
9 5792.717 0 0 0 0 0 0 1 0 0 32.50
10 5792.716 0 0 0 0 0 0 0 0 0 31.53

As shown in Table II, ten iterations are needed to clear all
PAOs and the orders not satisfying their MIC. After the last
iteration, there are neither PAOs nor orders not fulfilling
their MIC, and the algorithm terminates. The social welfare
mainly decreases in the successive iterations, since the or-
ders maximizing the objective but failing to respect the im-
posed revenue criteria are successively removed from the
market solution. The social welfare is higher in Case A (the
1* iteration in Table II), where the aforementioned orders are
retained in the final market solution and are compensated
through ex-post side-payments.

Table III provides the market revenues, side-payments,
and total revenues of sellers in each iteration of the algorithm.

TABLE III
MARKET REVENUES, SIDE-PAYMENTS, AND TOTAL REVENUES

Market revenue Side-payment ~ Total revenue

Iteration

(M€) (M€) (M€)

1 (Case A) 376.057 0.136 376.193
2 376.459 0.013 376.472
3 376.524 0.021 376.545
4 376.773 0.016 376.789
5 376.941 0.008 376.949
6 376.770 0.001 376.771
7 376.904 0 376.904
8 376.878 0 376.878
9 376.943 0.004 376.947

10 (Case C) 376.940 0 376.940

The figures in the first row correspond to Case A. The di-
rect revenue of sellers from the DAM in Case A is 376.057
ME€ in total, whereas the side-payments amount to 0.136 M€.
The total revenues in Case A amount to 376.193 M€, thus
the side-payments represent only 0.036%. In Case C (last it-
eration), there are no side-payments. The total revenue of
sellers reach 376.940 M€, which is higher than that in Case
A by 0.747 M€ (0.198%). This is because the iterative pro-
cess of Case C leads to the exclusion of several PAOs and
orders not fulfilling their MIC, thereby incurring an increase
in MCPs which outweighs the side-payments of Case A.
Overall, Case A leads to lower costs for the end-consumers.

Finally, Fig. 9 provides insights on the robustness of the
attained solution in Case C. A sensitivity analysis is per-
formed on how the values of parameters X (i.e., eligibility
threshold for MIC orders) and Y (i.e., the number of opportu-
nities provided to MIC orders to be cleared in next itera-
tions) change the number of required iterations for conver-
gence and the social welfare. In Fig. 9(a), Y=3, and the sen-
sitivity analysis is performed for parameter X, while in Fig.
9(b), X=10%, and the sensitivity analusis is performed for
parameter Y. As observed, the values selected for both X and
Y considerably change the social welfare. The number of re-
quired iterations is also affected, with a generally increasing
trend as X and Y increase. This solution instability, both in
terms of social welfare (volumes and prices) and iterations,
is a weak feature of Case C followed by most European
DAMs for rendering the market non-confiscatory. In oppo-
site, Case A does not require an iterative process; the cleared
volumes and the respective prices are globally optimal and
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more transparent.
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Fig. 9. Sensitivity analysis on eligibility threshold X and number of oppor-
tunities ¥ in Case C. (a) X. (b) Y.

IV. CONCLUSION

This paper addresses two main issues that concern the
market participants in European DAMs, namely the feasibili-
ty of the attained schedules and the non-confiscation of the
cleared volumes.

In order to address the first issue, resource-specific orders
have been developed, i.e., THOs, DROs, and ELOs. The en-
hanced scheduling of the resources when using the new or-
der types has been identified in the results. While the block
orders do not always respect the operating constraints of a
thermal generating unit and they are not flexible enough to
adjust to the hourly load requirements, the proposed THOs
provide for a typical start-up/normal dispatch/desynchroniza-
tion process, respecting other thermal unit constraints such
as the minimum up/down time. Regarding the DROs, it is
shown that main operating constraints are satisfied, such as
a minimum and a maximum delivery period, a minimum
baseload period, or a given frequency of activations in the
course of a day. Similarly, the results show that the ELOs re-
spect the discharging/charging capability of a storage asset,
the state of charge constraints, and the total discharging/
charging limitation within a trading day. In that respect, the
European legislation should promote the introduction of re-
source-specific orders in the DAM clearing of the internal
electricity market. Notably, the computational complexity of
the benchmark European DAM model in the presence of the
new order types has been assessed, and the execution time is
within the European standards.

To address the second issue, a comparative analysis has
been performed between two pricing schemes that ensure
non-confiscation: discriminatory pricing with side-payments
and non-discriminatory pricing excluding out-of-money or-
ders (the prevalent scheme in European markets). The results
indicate that the former scheme exhibits certain advantages:
(D the derived revenues of the sellers, which shall be borne
by the buyers and eventually by the end-consumers, are low-
er; (2 the make-whole payments to the sellers represent a

small portion of their total revenues; 3 no iterative process
employing revenue-constrained controls is required (as in the
second pricing scheme), thereby the market solution is more
stable in terms of cleared volumes and prices.

Future research will investigate and compare the above
two pricing schemes with the case of non-discriminatory
pricing, where uplift payments are directly included in the
market clearing. Convex hull pricing and extended locational
marginal pricing shall be investigated to reduce side-pay-
ments. Additionally, THOs shall be introduced in more bid-
ding zones to assess the computational burden. Finally, the
approach will be tested with a flow-based transportation
model (c.f. ATC-based model used in this paper), which is
gradually being implemented in the European region.

APPENDIX A

Let L be the Lagrange function of the optimization problem
(1) - (45). At optimality, the Karush-Kuhn-Tucker conditions
yield:

oL

- —=0 Al
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By further processing (A1), we get:
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apz,t =0= dpz,, _/lz-t+(,uz,pt_:uz.pt+l )_(:uir_:uitﬂ =0=r. =
dF U U n n
ap e W) (A2)
zt

REFERENCES

[1] Directive 2009/72/EC of the European Parliament and of the Council
of 13 July 2009 concerning common rules for the internal market in
electricity and repealing Directive 2003/54/EC, 2009.

[2] Commission Regulation (EU) 2015/1222 of 24 July 2015 establishing
a guideline on capacity allocation and congestion management, 2015.

[3] EPEX SPOT. (2022, Aug.). European market coupling. [Online]. Avail-
able: https:/bit.ly/3wrSYuC

[4] NEMO Committee. (2022, Aug.). EUPHEMIA public description,
2020. [Online]. Available: https://bit.ly/3qmlyaz

[5] Price Coupling of Regions. (2022, Aug.). Euphemia performance,
2015. [Online]. Available: https://bit.ly/3u5zXvo

[6] European Commission. (2022, Aug.). Clean energy for all Europeans
package. [Online]. Available: https://bit.ly/3JpG3gF

[7] European Commission. (2022, Aug.). Study on energy storage—contri-
bution to the security of the electricity supply in Europe. [Online].
Available: https:/bit.ly/3CROqz0

[8] ENTSO-E. (2015, Nov.). Market design for demand side response, pol-
icy paper. [Online]. Available: https:/bit.ly/31hu6s0

[9] C. Batlle, 1. Herrero, and P. Rodilla, “Evolving bidding formats and

pricing schemes in USA and Europe day-ahead electricity markets,”

Energies, vol. 13, pp. 1-21, Sept. 2020.

EPEX SPOT. (2022, Aug.). EPEX SPOT introduces curtailable blocks

and loop blocks on all day-ahead markets. [Online]. Available: https:/

bit.ly/3N3mvAV

[11] G. Liberopoulos and P. Andrianesis, “Critical review of pricing
schemes in markets with non-convex costs,” Operation Research, vol.
64, no. 1, pp. 17-31, Feb. 2016.

[12] B. Eldridge, R. O’Neill, and B. F. Hobbs, “Near-optimal scheduling
in day-ahead markets: pricing models and payment redistribution
bounds,” IEEE Transactions on Power Systems, vol. 35, no. 3, pp.
1684-1694, May 2020.

[13] A. J. Conejo and R. Sioshansi, “Rethinking restructured electricity

market design: lessons learned and future needs,” International Jour-

nal of Electrical Power & Energy, vol. 98, pp. 520-530, Jun. 2018.

S. Harvey. (2022, Aug.). Is the California ISO becoming an uplift mar-

ket? Pricing, uplift and commitment (presentation), FTI consulting,

2014. [Online]. Available: https://bit.ly/36r10ZY

[10]

[14]



MARNERIS et al.: RESOURCE-SPECIFIC ORDERS IN EUROPEAN DAY-AHEAD MARKET UNDER DIFFERENT PRICING RULES

[15] Single Electricity Market Operator (SEM). (2021, Nov.). Trading and
settlement code, Version 25.0. [Online]. Available: https://bit.ly/3qfonNi
P. R. Gribik, W. W. Hogan, and S. L. Pope. (2007, Jul.). Market-clear-
ing electricity prices and energy uplift. [Online]. Available: https:/
hepg. hks. harvard. edu/publications/market-clearing-electricity-prices-
and-energy-uplift

R. P. O’Neill, P. M. Sotkieqicz, and M. H. Rothkopf. (2007, Jul.).
Equilibrium prices in power exchanges with non-convex bids. [On-
line]. Available: http://bear. warrington. ufl. edu/centers/purc/docs/papers/
0601 _ONeill Equilibrium_Prices_in.pdf

E. J. Zak, S. Ammari, and K. W. Cheung, “Modeling price-based deci-
sions in advanced electricity markets,” in Proceedings of 2012 9th In-
ternational Conference on the European Energy Market, Florence, Ita-
ly, May 2012, pp. 1-6.

NYISO. (2022, Aug.). Motion for permission to implement hybrid
fixed block generation pricing rule. [Online]. Available: https://bit. ly/
3IvQMS8

MISO. (2022, May). ELMP III White Paper I R&D report and design
recommendation on short-term enhancements. [Online]. Available:
https://bit.ly/3InSyt5

A. G. Vlachos and P. N. Biskas, “Balancing supply and demand under
mixed pricing rules in multi-area electricity markets,” IEEE Transac-
tions on Power Systems, vol. 26, no. 3, pp. 1444-1453, Aug. 2011.

L. Meeus, K. Verhaegen, and R. Belmans, “Block order restrictions in
combinatorial electric energy auctions,” European Journal of Opera-
tional Research, vol. 196, no. 3, pp. 1202-1206, Mar. 2009.

C. Ruiz, A. Conejo, and S. Gabriel, “Pricing non-convexities in an
electricity pool,” IEEE Transactions on Power Systems, vol. 27, no. 3,
pp. 1334-1342, Aug. 2012.

I. Herrero, P. Rodilla, and C. Battle, “Electricity market-clearing pric-
es and investment incentives: the role of pricing rules,” Energy Eco-
nomics, vol. 47, pp. 42-51, Jan. 2015.

A. Martin, J. Miiller, and S. Pokutta, “Strict linear prices in non-con-
vex European day-ahead electricity markets,” Optimization Methods &
Sofitware, vol. 29, no. 1, pp. 189-221, Jan. 2014.

G. A. Dourbois and P. N. Biskas, “European market coupling algo-
rithm incorporating clearing conditions of block and complex orders,”
in Proceedings of 2015 IEEE Eindhoven PowerTech, Eindhoven, Neth-
erlands, Jul. 2015, pp. 1-6.

A. G. Vlachos, G. A. Dourbois, and P. N. Biskas, “Comparison of two
mathematical programming models for the solution of a convex portfo-
lio-based European day-ahead electricity market,” Electric Power Sys-
tems Research, vol. 141, pp. 313-324, Dec. 2016.

D. I. Chatzigiannis, G. A. Dourbois, P. N. Biskas et al., “European
day-ahead electricity market clearing model,” Electric Power Systems
Research, vol. 140, pp. 225-239, Nov. 2016.

M. Madani and M. van Vyve, “A MIP framework for non-convex uni-
form price day-ahead electricity auctions,” EURO Journal on Compu-
tational Optimization, vol. 5, pp. 263-284, Mar. 2017.

R. P. O’Neill, A. Castillo, B. Eldridge et al., “Dual pricing algorithm
in ISO markets,” IEEE Transactions on Power Systems, vol. 32, no. 4,
pp. 3308-3310, Jul. 2017.

R. Fernandez-Blanco, J. M. Arroyo, and N. Alguacil, “On the solution
of revenue-and network-constrained day-ahead market clearing under
marginal pricing — Part I: an exact bilevel programming approach,”
IEEE Transactions on Power Systems, vol. 32, no. 1, pp. 208-219,
Jan. 2017.

D. 1. Chatzigiannis, P. N. Biskas, and G. A. Dourbois, “European-type
electricity market clearing model incorporating PUN orders,” [EEE
Transactions on Power Systems, vol. 32, no. 1, pp. 261-273, Jan. 2017.
A. Sleisz and D. Raisz, “Integrated mathematical model for uniform
purchase prices on multi-zonal power exchanges,” Electric Power Sys-
tems Research, vol. 147, pp. 10-21, Jun. 2017.

I. Savelli, A. Giannitrapani, S. Paoletti et al., “Introducing block or-

[16]

[17]

[18]

[19

—

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(311

[32

—

(33

—

[34

[y

ders in the Italian day-ahead electricity market,” in Proceedings of

2018 15th International Conference on the European Energy Market,
Lodz, Poland, Jun. 2018, pp. 1-6.

I. Savelli, A. Giannitrapani, S. Paoletti et al., “An optimization model
for the electricity market clearing problem with uniform purchase
price and zonal selling prices,” IEEE Transactions on Power Systems,

(35

—

769

vol. 33, no. 3, pp. 2864-2873, May 2018.

I. Savelli, B. Cornélusse, A. Giannitrapani et al., “A new approach to

electricity market clearing with uniform purchase price and curtailable

block orders,” Applied Energy, vol. 226, pp. 618-630, Sept. 2018.

L. H. Lam, V. Ilea, and C. Bovo, “European day-ahead electricity mar-

ket coupling: discussion, modeling, and case study,” Electric Power

Systems Research, vol. 155, pp. 80-92, Feb. 2018.

G. A. Dourbois, P. N. Biskas, and D. I. Chatzigiannis, “Novel ap-

proaches for the clearing of the European day-ahead electricity mar-

ket,” IEEE Transactions on Power Systems, vol. 33, no. 6, pp. 5820-

5831, Nov. 2018.

[39] N. Koltsakis and A. Dagoumas, “Incorporating unit commitment as-
pects to the European electricity markets algorithm: an optimization
model for the joint clearing of energy and reserve markets,” Applied
Energy, vol. 231, pp. 235-258, Sept. 2018.

[40] N. Koltsakis and A. Dagoumas, “Policy implications of power ex-

changes on operational scheduling: evaluating EUPHEMIA’s market

products in case of Greece,” Energies, vol. 11, pp. 1-26, Oct. 2018.

A. Sleisz, D. Divényi, and D. Raisz, “New formulation of power

plants’ general complex orders on European electricity markets,” Elec-

tric Power Systems Research, vol. 169, pp. 229-240, Apr. 2019.

Nord Pool. (2022, Aug.). Ramping. [Online]. Available: https://bit.ly/

3JgXFc0

R. P. O’Neill, P. M. Sotkiewicz, B. F. Hobbs et al., “Efficient market-

clearing prices in markets with non-convexities,” European Journal of

Operational Research, vol. 164, pp. 269-285, Jul. 2005.

ENTSO-E. (2022, Mar.). Transparency platform. (2022, Aug.). [On-

line]. Available: https:/bit.ly/3EbP50U

I. G. Marneris, A. V. Ntomaris, P. N. Biskas et al. TestCase. [Online].

Available: https:/bit.ly/3KW{GiH

Hellenic Energy Exchange. (2022, Aug.). Market data & publications.

[Online]. Available: https://bit.ly/3RMPkCZ

[36]

[37]

[38]

[41]

[42]

[43]

[44]
[45]

[46]

Ilias G. Marneris received the Dipl., Eng., and Ph.D. degrees from the Depart-
ment of Electrical and Computer Engineering, Aristotle University of Thessaloni-
ki, Thessaloniki, Greece, in 2012 and 2019, respectively. He is currently work-
ing as Head of Portfolio Management in Zenith, Greece, an energy supplying
company of the Italian Eni S.p.A. His research interests include power and gas
system analysis, operation and economics, portfolio management, pricing, bal-
ancing markets, power system adequacy, renewable energy source (RES) and de-
mand response integration, optimal bidding strategies, energy policy, optimiza-
tion theory and applications in power and gas systems.

Andreas V. Ntomaris received the Dipl., Eng., and Ph.D. degrees from the De-
partment of Electrical and Computer Engineering, Aristotle University of Thessa-
loniki, Thessaloniki, Greece, in 2011 and 2017, respectively. He is currently
working as Head of the markets support in the Markets Operation Department
of the Hellenic Energy Exchange (HEnEx), Athens, Greece. His research inter-
ests include power system analysis, operation and planning, electricity and gas
market operation and design, energy market regulatory issues, power system ade-
quacy, renewable energy integration, electricity storage, demand response, opti-
mization theory and applications in power systems.

Pandelis N. Biskas received the Dipl., Eng., and Ph.D. degrees from the De-
partment of Electrical and Computer Engineering, Aristotle University, Thes-
saloniki, Greece, in 1999 and 2003, respectively. Currently, he is an Associ-
ate Professor at the Aristotle University of Thessaloniki, in the School of
Electrical and Computer Engineering. His research interests include power
system operation and planning, electricity and gas market operational and
design/regulatory issues, and transmission pricing.

Gregory A. Dourbois received the Dipl., Eng., and Ph.D. degrees from the De-
partment of Electrical and Computer Engineering, Aristotle University of Thessa-
loniki, Thessaloniki, Greece, in 2012 and 2017, respectively. He is currently
working as Business Process Architect and Analyst in the Regional Coordina-
tion Center of Southeast Europe, SEleNe CC, Greece. His research interests in-
clude power system operation and planning, electricity market operation and de-
sign, machine learning techniques and optimization theory applied in power sys-
tem and electricity markets.



