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Abstract: This paper considers a microgrid connected with
a medium-voltage (MV) distribution network. It is assumed
that the microgrid, which is managed by a prosumer,
operates in a competitive environment and participates
in the day-ahead market. Then, as the first step of the
short-term management problem, the prosumer must
determine the bids to be submitted to the market. The
offer strategy is based on the application of an optimiza-
tion model, which is solved for different hourly price
profiles of energy exchanged with the main grid. The
proposed procedure is applied to a microgrid and four
different its configurations were analyzed. The configura-
tions consider the presence of thermoelectric units that
only produce electricity, a boiler or/and cogeneration
power plants for the thermal loads, and an electric storage
system. The numerical results confirmed the numerous
theoretical considerations that have been made.

Keywords: microgrids, spot price, prosumer, energy
management

1 Introduction

A microgrid is defined as a cluster of distributed generation
units, storage systems, and loads that are linked through
an internal, low-voltage (LV) electric network. Such a sys-
tem may operate in connection with a medium-voltage
(MV) distribution network (grid-connected mode), indepen-
dently (island mode), or in both modes [1, 2].

Grid connected mode is considered in this paper, so it
is a small-scale replica of a national power system. For
example, the interconnection with the distribution net-
work is analogous to the set of interconnections with
foreign countries, and the electric energy that is stored
directly in small storage units is analogous to the energy
stored indirectly in the large volumes of water in the
basins of hydroelectric plants.

From the management perspective, the short-term
management criteria can differ from one microgrid to
another, according to the characteristics of the subject
who manages the microgrid [3].

In this paper, it was assumed that the microgrid
was managed by a prosumer, i.e., an entity that simul-
taneously manages both electric and thermal distribu-
ted plants, storage units, ICT (Information and
Communication Technology) elements, and aggregate
loads [3–7]. Therefore, the prosumer is both an energy
producer and a final consumer, i.e., an independent
power producer that can exchange energy with the
main grid [8]. Moreover, he represents the microgrid
into the market.

The prosumer, in order to perform the short term
management, must know the status of the microgrid
hour-by-hour during the day, i.e., the interchange with
the distribution network, the production of each dis-
patchable unit, the amount of energy charged to/dis-
charged from the storage units and the profiles of the
controllable loads. Closely linked to these determinations
is the choice of the thermoelectric units that must be in
operation on an hourly base. That all must be made to
optimize a given objective subject to a set of technical
constraints, including the constraints on the operation of
the internal electrical network. In general, the economic
objective is optimized, while the other objectives (envir-
onmental and safety) are treated as constraints.

The exchange of energy with the main grid can occur
under the tariff regime or in accordance with the rules of
the liberalized market. In the first case, the unit cost of
energy is an input data management problem, while the
energy exchanged with the main grid is unknown. In the
second case, both the market price1 and the energy
exchanged with the main grid are known a priori; the
values obtained by market outcomes become input data
for the general management problem.

In this work, we suppose that it is allowed to the
prosumer to participate in the day-ahead market2,
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1 The hourly market price is determined by the intersection of the
curve of aggregate buying offers and the curve of aggregate selling
offers. The price is unique if there is no network congestion.
2 In the paper, it is not expected that the microgrid would partici-
pate in the ancillary services market. Yet, in fact, there are minimum
power requirements for participation that microgrids currently can-
not meet [9]. However, the manager of the microgrid must ensure
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offering, hour by hour, not the single production and
consumption units, but the amount of power resulting
from the difference between the aggregate load and the
aggregate internal production [10].

Depending on the rules of the market, each offer may
consist of a generic curve or, as often occurs (e.g., as in
the Italian market), of a price-quantity pair [11].

It is worth noting that, when a price-quantity pair is
bid, offers to sell are interpreted by the market operator
as expressing the availability of the supplier to sell power
not exceeding that indicated in the offer and at a price
not less than that indicated; also, offers to buy are inter-
preted as expressing the willingness of the consumer to
buy power not exceeding that indicated in the offer and
at a price not exceeding that indicated. Therefore, in this
case, the offers also can be represented as curves, and
these are, in particular, step curves.

Moreover, it is worth noting that the bids may be
unique (only a certain quantity at a certain price) or
multiple (more price-quantity pairs). Therefore, multiple
bids are characterized by a series of steps that identify a
bidding curve that is piecewise constant, and monotone
non-decreasing or non-increasing depending on whether
the offers are to buy or to sell, respectively (Figure 1). The
maximum number of offer couples is defined by the rules
of the market3.

The purpose of our work is to show in which way the
prosumer submits bidding curves in the day-ahead mar-
ket consistent with the results obtained by the optimal
management. That is, curves able to guarantee that the
hourly power exchanged, which will be derived from the
market’s outcomes, has the closest possible value to that
obtained by solving the optimal management problem for
its respective market price.

The paper is organized as follows. Section II provides
the results of our literature review and the formulation of
the offer strategy. Section III provides the optimization
model that it was used to solve the problem. An applica-
tion to a case study is reported in Section IV, and our
conclusions and research perspectives are presented in
Section V.

2 The offer strategy and relative
literature

Optimal bidding strategies for participants in power mar-
kets have been extensively studied in literature. The
majority of existing works has focused on GENCOs and
VPPs [12–14]. The issue has been considered, then, also
for microgrids, that, in contrasts with GENCOs and VPPs4,
must satisfy their own internal balance [16, 17].

Usually, the bidding strategy is limited to the sub-
mission of the optimal hourly exchanged power obtained
in correspondence to the most probable hourly market
price profile. In our work, indeed, we offer, for each hour,
a bidding curve in function of the price. Each point of the
curve represents a pair possible price-quantity, being the
quantity the optimal power obtained in correspondence
of possible market price.

The prices, ranging from a minimum to a maximum
value, are determined by the analysis of the time series.
They are considered in correspondence of the same hour,
the same day of the week and the same month. This
choice allows to reduce the risk for the prosumer to not
offer the optimal power. Moreover, it allows the prosumer
to offer an elastic demand with important implications: in
fact, if more microgrids have this possibility, the elasticity
of the aggregate demand curve increases, leading to an
evident benefit, i.e., the reduction of the market price for
all customers, even those that are not able to express a
price-sensitive demand.

Our work is different for another reason too: the
optimization model structure used is the simplest possi-
ble way. In fact, in deriving the bidding curves, in our
opinions it is not useful to solve a scheduling problem,
such as the one that was just defined in Section 1, using a
unique optimization model.

It should be noted that, as in the case of a national
power system, the optimal management problem could

Quantity 
[MW] 

(a) (b)

Price
[€/MWh] 

Price
[€/MWh] 

Quantity 
[MW] 

Figure 1: Selling multiple bids (a), buying multiple bids (b).

that internal power is available as necessary for ancillary services
(resolution of congestions; primary, secondary, and tertiary reserve;
balancing service) when the microgrid operates in island mode.
3 For example, in Spain, 25 pairs can be offered, whereas only four
can be offered in Italy.

4 Similar to a GENCO, also a VPP tends to deny local consumption
as it is a virtual generator [15].
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be solved by dividing it into three sequential, interrelated
sub-problems [18–20].

In the first sub-problem, the internal electric net-
work is represented by a “single bus” network5; if a
thermal network exists, it is represented in the same
way. Furthermore, it is assumed that forecasting tech-
niques are used to determine the electric and thermal
loads and the power produced by the non-dispatchable
generating units of the microgrid [21]. Assuming that
only the price is known, the prosumer aims to deter-
mine, on an hourly basis, the interchange with the MV
distribution network, the production of each dispatch-
able unit, the amount of energy charged to/discharged
from the storage units, and the profiles of the control-
lable loads6. The economic objective is related directly
to the difference between the microgrid’s revenue (from
the energy it sells) and the expenses it incurs in pur-
chasing and operating costs. The sub-problem can be
solved using a non-linear, static mathematical program-
ming algorithm.

Since the maximum amount of thermoelectric
production is known now, the second sub-problem, still
considering the “single bus” network, aims to identify the
generating units that must be in operation on an hourly
basis; this is referred to as the unit commitment (UC)
problem [22–24].The input data are the results of the
first sub-problem. In the economic objective are included,
now, also the startup and shutdown costs of the units.
The environmental aspects are taken into account by
imposing a limit on emissions, and the security aspects
are addressed by requiring that each unit have a margin
of power reserve according to its characteristics. The sub-
problem can be solved using a mixed-integer, program-
ming algorithm.

Because the internal network is considered to be a
busbar in the first and second sub-problems, the actual
solution is not physically admissible. It is a solution, in
fact, that does not consider losses and that does not
provide any indication of the reactive power required.
Furthermore, the solution does not guarantee that there
will be no congestion. Therefore, it is necessary to start
from the hour-by-hour knowledge of the in-service ther-
moelectric units and solve the third sub-problem, which
is the hourly determination of the state of the internal

electric network (in terms of amplitudes and phase angles
of nodal voltages) in order to minimize of the production
cost of the different thermoelectric plants. This is the
optimal power flow (OPF) problem [25–30]. The security
is taken into account by meeting the thermal limits of the
electrical lines and the stability limits, which are repre-
sented by the margins on the phase shifts between the
nodal voltages of the adjacent nodes. The sub-problem
can be solved using a non-linear, static mathematical
programming algorithm.

Not all follow this approach of the sequential resolu-
tion of the three sub-problems. Most papers neglect the
network with its constraints, limiting the analysis only to
the first sub-problem [31, 32] or dealing with the first and
the second sub-problems in an integrated manner [33–35].
In refs [36, 37] indeed, the first sub-problem is resolved,
but the second and third were treated together by formu-
lating a unique model.

The considerations made above are applied to the
resolution of the general optimal management problem
in presence of tariff regime. If, instead, the resolution of
the management problem is finalized to the submission
of the bidding curves, as in this work, it is believed to
implement only the first sub-problem for each price
value: in fact, the power exchanged derived from the
first sub-problem, does not change in the other two.

Obviously, the general problem is resolved by con-
sidering the outcomes of the market as the input of the
first sub-problem; following the resolution of the second
and the third sub-problem Figure 2.

5 It is assumed that the production system of the microgrid directly
provides the total load, thereby reducing the structure of the internal
distribution network to a busbar to which all of the generating units
and loads are connected in parallel.
6 In monopolistic management of the nation’s power system, the first
sub-problem is the scheduling of mixed hydrothermal generation.

Power exchanged 
and market price  

Forecasting data 

Bidding submission 

Power generated, storages levels and 
controllable loads  

profiles determination 

Unit Commitment 

Optimal Power Flow 

Auctions

Figure 2: The management process.
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3 The model

Let us consider a microgrid in which both thermal and
electrical loads must be satisfied. Also, let us consider
that, in the microgrid, only electricity power plants,
Combined Heat and Power (CHP) plants, and heat produc-
tion plants (boilers) are already installed. The presence of
thermal and electrical storage systems also is accounted for.

Let ΩC be the set of CHP plants, ΩB be the set of heat
production plants, and ΩG be the set of power plants that
only produce electricity. Then, let ΩST and ΩSE be the sets
of thermal and electrical storage units, respectively.
Finally, let ΩDth and ΩDebe the sets of total thermal and
electrical loads, respectively.

Let us assume that all of the variables of interest are
constant during the hourly intervals and that they are
equal to the end value of each interval.

Let us assume that the jth dispatched cogeneration
power is the electric power at the tth hour, PCet, j , therefore
the corresponding thermal power, PCtht, j

, is calculated by
the following equation:

PCtht, j
=
PCet, j

ηj
t = 1, ..., 24ð Þ

where ηj is the cogeneration efficiency of the jth unit, given
by the ratio of electrical efficiency to thermal efficiency.

Let PGt, j be the power of the jth unit of only electricity
production at the tth hour; PBt, j be the thermal power of

the jth heat production at the tth hour. Then, let Pgridt be
the power interchange with the MV distribution network
at tth hour; Pgri dt is assumed to be positive if the micro-
grid buys from the utility grid and it is assumed to be
negative, if the microgrid sells energy to the utility grid.

Then, let ρet be the price of energy at the tth hour,
which is assumed to be equal when buying or selling.

Then, the optimization problem consists of minimiz-
ing the following function subject to a set of technical
and operational constraints:

X24
t = 1

X
j2ΩC

CCj PCet, j

� �
+
X
j2ΩB

CBj PBt, j

� �
+
X
j2ΩG

CGj PGt, j

� �
+ ρet Pgridt

" #

(1)

In eq. (1), the hourly production costs can be expressed
by the following functional relationships:

CCj PCet, j

� �
= αCjP

2
Cet, j + βCj

PCet, j + γCj

CBj PBt, j

� �
= αBjP

2
Bt, j

+ βBj
PBt, j + γBj

CGj PGt, j

� �
= αGjP

2
Gt, j

+ βGj
PGt, j + γGj

with αCj , βCj , γCj
, αBj , βBj

, γBj
,αGj , βGj

, γGj
depending on

the particular technologies used.

First, the equality constraints are the thermal and
electric balance constraints.

Let PSEt, j and PSTt, j be the electrical and thermal power,
respectively, of the jth storage system at the tth hour with
positive values during the discharge and negative values
during the charge.

Given the assumption that all of the loads are not
controllable, let PDtht, j

and PDet, j be the values of the ther-
mal and electric jth load, respectively, at the tth hour.

Thus, the energy balance constraints can be expressed,
for t = 1,…,24, as:

X
j2ΩC

PCet, j

ηj
+
X
j2ΩB

PBt, j =
X
j2ΩDth

PDtht, j
+

X
j2ΩST

PSTt, j (2a)

X
j2ΩC

PCet, j +
X
j2ΩG

PGt, j +Pgridt =
X
j2ΩDe

PDet, j +
X
j2ΩSE

PSEt, j (2b)

where the loads are reduced by the forecasted amount of
renewable energy, both thermal and electrical, excluding
biomass.

Then, additional equality constraints can be derived
from modeling the storage units. In fact, it is necessary to
express:
a) the variation of the storage levels:

WSEt, j =WSE t − 1ð Þ, j + PSEt, j j 2 ΩSE; t = 1, ..., 24ð Þ (3)

WSTt, j =WST t − 1ð Þ, j − ksjPSTt, j j 2 ΩST ; t = 1, ..., 24ð Þ (4)

where ksj is the coefficient of the efficiency of charge and
discharge;
b) the restoration of the initial levels:

X24
t = 1

PSEt, j =0 j 2 ΩSEð Þ (5)

X24
t = 1

PSTt, j =0 j 2 ΩSTð Þ (6)

Finally, the following inequality constraints must be
considered:

Pm
Cej

≤PCet, j
≤PM

Cej
j 2 ΩC; t = 1, ..., 24ð Þ (7)

Pm
Bj
≤ PBt, j ≤P

M
Bj

j 2 ΩB; t = 1, ..., 24ð Þ (8)

Pm
Gj
≤PGt, j ≤P

M
Gj

j 2 ΩG; t = 1, ..., 24ð Þ (9)

− PM
grid ≤Pgridt ≤P

M
grid t = 1, ..., 24ð Þ (10)

0 ≤WSTt, j ≤W
M
STj j 2 ΩST ; t = 1, ..., 24ð Þ (11)

0 ≤WSEt, j ≤W
M
SEj j 2 ΩSE; t = 1, ..., 24ð Þ (12)
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−PM
STj ≤PSTt, j ≤P

M
STj j 2 ΩST ; t = 1, ..., 24ð Þ (13)

− PM
SEj ≤PSEt, j ≤P

M
SEj j 2 ΩSE; t = 1, ..., 24ð Þ (14)

That said, the problem of determining the optimal bids
require, as input data, the energy price profiles and, for
each of them, the resolution of the optimization problem
(1–14). Note that piecewise continuous curves are
obtained when the optimal offer points, provided by
the subsequent resolution of the sub-problem, are
linked. Of course, these curves can be used to derive
the curves that effectively will be offered in the market,
i.e., generic continuous curves or step curves with multi-
ple offers.

Figure 3 provides a flowchart to better explain the
procedure used to implement the strategy for determining
the optimal offer.

4 Case Study

The procedure proposed in Section II was applied to a
microgrid containing the loads of six different entities, i.e.,
a hotel, a sports center, a hospital, a manufacturing plant, a
supermarket, and several offices [38]. With reference to a
summer day, the electrical and thermal loads are the ones
reported in Table 1.

Four different configurations of the system were
analyzed.

In the first configuration (case 1), there were six
thermoelectric units producing only electricity, whose
technical and economic characteristics are reported in
Table 2, and an independent boiler for the generation

Input data

Solve the optimization problem

(1) – (14) and determine 

Number of price profiles

nρ

Set the ith price profile

t = 1,..,24

i = nρ

yes

no

i = i+1

End

Plot the hourly bidding curve 

Figure 3: Determination of the optimal bid.

Table 1: Hourly electrical and thermal loads.

Hour t PDet [kWe] PDtht [kWt]

  

  

  

  

  

  

 , ,
 , ,
 , ,
 , ,
 , ,
 , ,
 , ,
 , ,
 , ,
 , ,
 , ,
 , ,
 , ,
 , ,
 , ,
  ,
  

  

Table 2: Technical and economic characteristics of the thermoelec-
tric units – Case 1.

j Pm
Gj

PM
Gj

γGj
βGj

αGj

[kW] [kW] [m€/h] [m€/kWh] [m€/kWh]

   , . .
   , . .
    . .
    . .
    . .
    . .
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of thermal energy, whose maximum power is 4,500
kW and the cost coefficient is αB = 63.0 m€/kWh. In
the second configuration (case 2), four cogeneration
power plants were considered in addition to the boiler
to satisfy the thermal loads. Two 180 kW plants pro-
duced only electricity. The technical and economic
characteristics of the CHP plants are presented in
Table 3.

In the third configuration (case 3), in addition to the same
six thermoelectric power plants and the boiler of case 1,
there also was an electric storage system with a power
rating of 500 kW and a maximum stored energy of 4,500
kWh [38, 39].

In the fourth configuration (case 4), there were the
same units of production as in case 2 and the electric
storage system of case 3.

For all of the configurations, there also was a 100 kW
PV plant, the energy production of which was assumed to
be deterministic and calculable through time series ana-
lysis (Figure 4) [11].

In the first two cases, the model was solved hourly
(i.e., 24 daily, independent, optimization problems); in
the other two cases, the presence of the storage system,

which introduced inter-temporal constraints, meant that
only one resolution was required in a 24-hour period.

The profiles of the spot prices (minimum and max-
imum) were obtained through the analysis of the time
series [11], and the results are shown in Table 4.

The optimization problems of the solving procedure
were solved using MATLAB (more specifically, each

Table 3: Technical and economic characteristics of the CHP
units – Case 2.

j Pm
Cej

PM
Cej

γCj βCj αCj

[kW] [kW] [m€/h] [m€/kWh] [m€/kWh]

   , . .
   , . .
    . .
    . .

0

10

20

30

40

50

60

70

80

90

100

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

P
 [

k
W

]

hours

Figure 4: Power production curve of the
photovoltaic plant.

Table 4: Minimum and maximum profiles of the spot price.

Hour t ρet [€/MWh]

“minimum profile” “maximum profile”

 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
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optimization problem was solved by using the function
quadprog).

Before presenting the results in terms of bidding
curves, it is appropriate to comment the results corre-
sponding to the minimum and maximum price profiles.

Figures 5 and 6 show the power exchanged with the
network, Pgridt , and the total power produced by the co-
generators and generators, PDGt , in comparison with the
load, PDet , for cases 1 and 2 (Figure 5) and cases 3 and 4
(Figure 6), respectively. In particular, in Figure 7, the
profile of the electrical power of the storage system is
also shown.

Figure 7 shows the daily profile of the thermal power
produced by boilers PBt and by the cogeneration plants
PCtht

compared with the thermal load, PDtht
.

Since the marginal cost of the boiler was greater than
the marginal costs of the CHP, thermal power production
did not vary with the price, and it was not influenced by
the presence of the storage.

Figure 8 shows the power and the energy charged
into and discharged from the storage unit compared to
the minimum and the maximum price profile.

The storage operation was always the same, regard-
less of the presence of cogeneration units.

It should be noted that, for example, in the presence
of the maximum price profile, the internal generation is
almost always maximum, while in the case of the mini-
mum price profile, the generation is almost always mini-
mum. In both situations, the microgrid sells in the
intervals in which the generation exceeds the load to be
met, otherwise it buys.

Table 5 reports the values of the daily management
costs of the microgrid in all of the cases that were
considered. Table 5 also reports the percentage varia-
tions of the total costs for cases 2, 3, and 4 with respect
to case 1.

The presence of storage, the operation costs of which
have been neglected in the analysis, leads to lower costs

(a) (b)

(c) (d)

Figure 5: Hourly electric powers:
(a) case 1 for the minimum profile
of spot prices; (b) case 1 for the
maximum profile of spot prices;
(c) case 2 for the minimum profile
of spot prices; (d) case 2 for the
maximum profile of spot prices.
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by bringing more flexibility to the model. The same
applies for cogeneration plants.

We can note that the value of cogeneration decreased
as the market price increased, while the value of storage
increased.

Let us present the bidding curve.
Figure 9 shows the bidding curves for all four cases

considered at the second and eighth hours of the day.
The analysis of Figure 9 shows that, while at the eighth
hour the prosumer will present a buyer curve no matter
which case is considered, at the second hour he will offer
a buyer curve (case 4), a seller curve (case 1), and seller
and buyer curves (cases 2 and 3).

The presence of storage involves the shift of curves 1
and 3 by an amount equal to the power stored, which, in
the example, is the maximum value.

It is interesting to observe that the power corre-
sponding to the vertical segment of the bidding curve
is the difference between the load and the maximum
production of the generating units compatible with the
thermal constraints, including the energy produced by
the photovoltaic system for the specific hour. Usually,
there is another vertical segment of the bidding curve
that corresponds to the difference between the load and
the minimum production of the generating units (also
including the energy produced by the photovoltaic

(a) (b)

(c) (d)

Figure 6: Hourly electric powers:
(a) case 3 for the minimum profile
of spot prices; (b) case 3 for the
maximum profile of spot prices;
(c) case 4 for the minimum profile
of spot prices; (d) case 4 for the
maximum profile of spot prices.

Figure 7: Hourly thermal power.
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system). This latter vertical segment appears, of course,
at low energy prices but, in our application, this seg-
ment corresponds to prices that are outside the range of
prices we considered and, therefore, it does not appear
in the Figure 10.

Figure 10 shows that, with reference to the eight
hour and to case 1, fixed the range of prices, the
demand curve (Figure 10(a)) is symmetrical with,
respect to the y-axis, of the equivalent marginal cost
of production (Figure 10(b)); in turn, at the same price,
this is the sum of the marginal costs of production
which are shown in Figure 10(c). Note that the lower
variability of the curves in cases 2 and 4 was due to the
fact that the model forces the co-generators to work at
their maximum output because the marginal cost of the
boiler was greater than that of the co-generators.
Therefore, there is less variability in the curves because
they represent the equivalent marginal cost curves of
only the two 180-kW plants.

Starting from the piecewise continuous offer curves
obtained so far (see Figure 10), it’s possible to derive the
offers that will be effectively presented in the day ahead
market, i.e., the step curves with multiple offers. For
example, the curve of Figure 10(a) can be approximated
by the step curve shown in Figure 11.

(a) (b)

Figure 8: Power and energy of the sto-
rage system: (a) with reference to the
minimum profile of prices; (b) with refer-
ence to the maximum profile of prices.

Table 5: Management costs for the four cases that were considered.

Price
profile

Objective
Function [€]

Boiler
costs [€]

Total
costs [€]

Percentage
variation

Case  Min  , , –
Max , , , –

Case  Min , * , –.%
Max , * , –.%

Case  Min  , , –.%
Max , , , –.%

Case  Min , * , –.%
Max , * , –.%

Note: *The objective function already contains the boiler costs.

(a) (b)

Figure 9: Bidding curve for all four cases (a) at the eighth hour of the day; (b) at the second hour of the day.
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5 Conclusions and further work

The problem of the short-term scheduling of a microgrid
managed by a prosumer was presented.

It was shown that, if the prosumer participates in the
spot electricity market, the determination of the bids
must be considered as the first step of the short-term
management problem. In particular, proposing a strategy
for determining the optimal offer was the objective of this
work.

The strategy is based on the application of an opti-
mization model, which is solved for different hourly price
profiles of energy exchanged with the main grid.

A case study was conducted in which four possible
microgrid configurations were analyzed. In the first case,
only electricity power plants and an independent boiler

(a) (b)

(c) 

Figure 10: (a) Buyer curve; (b) equivalent marginal cost; (c) marginal costs of generators – Case 1.

Pgrid [kW] 

ρ 
[€

/k
W

] 

Figure 11: Buyer step curve of Figure 10(a).
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for the generation of thermal energy were considered; in
the second case, cogeneration power plants were consid-
ered in addition to the boiler; in the third case, in addi-
tion to the independent boiler, only electrical generation
units and an electrical storage plant were considered; in
the fourth case, the presence of electrical generation
units, a boiler for generating heat, cogeneration power
plants, and electrical storage were considered.

In the paper, the participation of the microgrid in the
ancillary services market was not accounted for. Yet, in
fact, there are requirements of minimum power for parti-
cipation, currently not owned by microgrids.

However, when there are more microgrid aggrega-
tions, and then, consequently, more prosumer aggrega-
tions, the participation in this market must be considered.

Our future research will focus on the optimal offers to
be presented to the ancillary services market, coupled
with the energy market issues, since it is already clear
that the energy market and the auxiliary services market
cannot be considered separately.

This means that, regardless of the market structure,
the prosumer must consider the power to be offered in
the day-ahead market and the power to offer in the
ancillary services market as variables of the problem. In
addition, in maximizing the difference between revenue
and costs, the prosumer also must take into account the
expected value of the revenue obtained in the ancillary
services market. In this framework, the controllable loads
will assume great importance, and their presence must be
considered.

References

1. Lasseter RH, Microgrids, in Proc. 2002 IEEE Power Engineering
Society Winter Meeting, pp. 146–149.

2. Lasseter RH, Paigi P, Microgrid: a conceptual solution, in Proc.
2004 Power Electronics Specialists Conference, vol. 6, pp.
4285–4290.

3. Schwaegerl C, Report on the technical, social, economic, and
environmental benefits provided by Microgrids on power sys-
tem operation, More Microgrids Project Advanced
Architectures and Control Concepts for More Microgrids
Specific Targeted, 2009.

4. Shandurkova I, Bremdal AB, Bacher R, Ottesen S, Nilsen A, A
prosumer Oriented Energy Market. Developments and future
outlooks for Smart Grid oriented energy markets, IMprosume
Publication, Nce Smart Energy Markets, Halden, 2012.

5. Grijalva S, Costley M, Ainsworth N, Prosumer based control
architecture for the future electricity grid, in Proc. 2011
International Conference on Control Applications (CCA),
pp. 43–48.

6. Timmerman W, Huitema G, Design of Energy-Management
Services – Supporting the Role of the Prosumer in the Energy
Market, in Proc. 2009 CAiSE-DC’09.

7. Vogt H, Weiss H, Spiess P, Karduck AP, Market based
Prosumer participation in Smart grid, in Proc. 2010 4th IEEE
International Conference on Digital Ecosystems and
Technologies, pp.43–48.

8. Rossi F, Russo A, Optimal management of an industrial power
plant in a deregulated market, in Proc. 2004 39th Universities
Power engineering Conference (UPEC), vol.3, pp.1073–1077.

9. Yuen C, Oudalov A, Timbus A. The provision of frequency
control reserves from multiple microgrids. IEEE Trans Ind
Electron 2011;58:173–1836.

10. Grijalva S, Tariq MU, Prosumer-based smart grid architecture
enables a flat, sustainable electricity industry in Proc. IEEE
PES Innov. Smart Grid Technol. (ISGT), Jan. 17–19, 2011, 1–6.

11. Gestore dei Mercati Energetici (GME). Testo Integrato della
Disciplina del Mercato Elettrico, 2012. https://www.mercatoe
lettrico.org/IT/MenuBiblioteca/Documenti/
20081017NuovoTestoIntegrato.pdf.

12. Lia G, Shia J, Qui X. Modeling methods for GenCo bidding
strategy optimization in the liberalized electricity spot market-
A state of heart review. Energy 2011;36:4686–700.

13. Pandžić H, Morales JM, Conejo AJ, Kuzle I. Offering model for a
virtual power plant based on stochastic programming. Applied
Energy 2013;105:282–92.

14. Ausubel LM, Cramton P. Virtual power plant auctions. Utilities
Policy Dec 2010;18:201–8.

15. More Microgrids Advanced Architectures and Control Concepts
for More Microgrids, Dg3& Dg4. Report on the technical,
social, economic, and environmental benefits provided by
Microgrids on power system operation, 2009.

16. Ngueyn DT, Le LB. Optimal bidding Starategy for microgrids
considering renewable energy and building thermal dynamics.
IEEE Trans Smart Grid Jul 2014;5:1608–20.

17. Hatziargyriou ND, Dimeas A, Tsikalakis AG, Lopes JAP,
Karniotakis G, Oyarzabal J. Management of microgrids in mar-
ket environment International Conference on Future Power
Systems, 2005, pp.7, 18–18 Nov.

18. Rossi F, Gestione dei sistemi elettrici nei mercati liberalizzati,
Edizioni Scientifiche Italiane (ESI), 2007.

19. Shaw JJ, Gendron RF, Bertsekas DP. Optimal Scheduling Of
Large Hydrothermal Power Systems. IEEE Trans Power
Apparatus Syst 1985;104:286–94.

20. Habibollahzadeh H, Bubenko JA. Application of Decomposition
Techniques to Short-Term Operation Planning of Hydrothermal
Power System. IEEE Trans Power Syst 1986;1:41–7.

21. Bracale A, Caramia P, Carpinelli G, Di Fazio A, Ferruzzi G. A
Bayesian Method for Short-Term Probabilistic Forecasting of
Photovoltaic Generation in Smart Grid Operation and Control.
Energies 2013;6:733–47.

22. Zhuang F, Galiana FD. Toward a more rigorous and practical
unit commitment by Lagrangian relaxation. IEEE Trans Power
Syst May 1988;3:763–73.

23. Sen S, Kothari DP. Optimal Thermal generating unit commit-
ment: a review. Int J Elect Power Energy Syst 2007;20:443–51.

24. Sheble GB, Fahd GN. Unit commitment literature synopsis.
IEEE Trans Power Syst 1994;9:128–35.

G. Ferruzzi et al.: Determination of the Prosumer’s Optimal Bids 11

Brought to you by | Interscientia S.A.S.
Authenticated | angela.russo@polito.it author's copy

Download Date | 11/6/15 9:38 AM

https://www.mercatoelettrico.org/IT/MenuBiblioteca/Documenti/20081017NuovoTestoIntegrato.pdf
https://www.mercatoelettrico.org/IT/MenuBiblioteca/Documenti/20081017NuovoTestoIntegrato.pdf
https://www.mercatoelettrico.org/IT/MenuBiblioteca/Documenti/20081017NuovoTestoIntegrato.pdf


25. Wood AJ, Woolenberg BF. Power generation, operation and
control. New York: John Wiley and Sons, 1984.

26. Carpentier J. Optimal Power flows. Int J Electr Power Energy
Syst 1979;1:3–15.

27. Dommel EW, Tinney WF. Optimal power flows solutions. IEEE
Trans Power Apparatus Syst 1968;10:1866–76.

28. Sasson AM. Non linear programming solutions for load flow
minimum loss and economic dispatching problems. IEEE Trans
Power Apparatus Syst 1969;Pas 88(4):399–409.

29. De Martinis U, Gagliardi F, Losi A, Mangoni V, Rossi F. Optimal
load flow for electrical power systems with multiterminal Hvdc
links. IEEE Proc Gener Trans Distr 1990;2:139–45.

30. Pudjanto D, Ramsay C, Strbac G. Virtual power plant and
system integration of distributed energy resources. IET
Renewable Power Gener 2007;1:10–16.

31. Vasiljevska J, Peças Lopes JA, Matos MA. Integrated micro-
generation, load and energy storage control functionality
under the multi micro-grid concept. Electr Power Syst Res
2013;95:292–301.

32. Silva H, Morais M, Distribution Network Short Term Scheduling
in Smart Grid Context in Proc. 2011 IEEE Power and Energy
Society General Meeting, 1–8.

33. Bagherian A, Tafreshi SMM, A developed Energy Management
System for a Microgrid in the Competitive Electricity Market in
Proc. 2009 IEEE Bucharest Power Tech Conference.

34. Hawkes AD, Leach MA. Modelling high level system design
and unit commitment for a microgrid. Appl Energy
2009;86:1253–65.

35. Schwaegerl C, Liang T, Mancarella P, Strbac G. A multi-objec-
tive optimization approach for assessment of technical, com-
mercial and environmental performance of microgrids. Eur
Trans Electr Power 2011;21:1271–90.

36. Schwaegerl C, Liang T, Mancarella P, Strbac G. Can microgrids
provide a new paradigm for network operation? An evaluation
of their technical, commercial and environmental benefits? in
Proc. 2009 20th International Conference and Exhibition on
Electricity Distribution (CIRED 2009).

37. Zoka Y, Sugimoto A, Yorino N, Kawahara K, Kubokawa J. An
economic evaluation for an autonomous independent network
of distributed energy resources. Electr Power Syst Res
2007;77:831–8.

38. Baccino F, Grillo S, Marinelli M, Massucco S, Silvestro F, Power
and Energy Control Strategies for a Vanadium Redox Flow
Battery and Wind Farm Combined System in Proc. 2011 2nd
IEEE PES International Conference and Exhibition on Innovative
Smart Grid Technologies, Paper ID 71:1–8.

39. Leou RC, An Economic Analysis Model for the Energy Storage
Systems in a Deregulated Market in Proc. 2008 IEEE
International Conference on Sustainable Energy Technologies,
744–749.

12 G. Ferruzzi et al.: Determination of the Prosumer’s Optimal Bids

Brought to you by | Interscientia S.A.S.
Authenticated | angela.russo@polito.it author's copy

Download Date | 11/6/15 9:38 AM


