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Over time, the number of smart grids installed worldwide is gradually increasing. However, the
major portion of the required electricity is still being produced by traditional large-scale and
centralized power systems. The main requirement, then, is to study and develop mathematical
methods that attend the integration between the two systems previously announced. In this paper,
a novel model that addresses this issue is presented. The model minimizes the total operating cost
of the large-scale system considering the participation of the smart grid as a dynamic entity,
entailing a close relationship between both systems. This approach distinguishes the novel proposal
from others that solve similar situations by taking into account the two systems in isolation.
Besides, the models that represent the most common organizational structures of the smart grids
are also presented in this paper. They are needed to develop the integrated model. Many similar
problems in the literature are solved by implementing decomposition techniques, which might

gleecci:lztgft)ljzlifi;? f tems obtain a local optimum different from the global one. By contrast, problems with this proposal are
o4 solved by using mixed-integer linear programming models that ensure the reaching of a global
optimum. The real test case is the integrated Argentine large-scale system and the Armstrong smart
grid. Results indicate that the novel model can reach solutions that are 5% lower in comparison
with the traditional techniques of considering in isolation. Efficient CPU times enable the
possibility of promptly obtaining solutions if there is any change in the parameters. In addition,
other benefits, apart from the economical reductions, are also achieved. Operating information
closer to the reality of both systems is obtained because it considers the effects of the smart grid in
large-scale system solving.
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Constants
cg; Cost for generating electricity (USD/MWh)

pri/ pril_’j Selling/purchase price (USD/MWh)

prig._ . Price for using transmission lines (USD/MW)

v, Line capacity (MW)

XX [xmin Trade power limits (MW)

dkt; Power consumption (MW)

pri’_’j /o7 Hourly purchase/selling price between peers (USD/MWh)

prcb, /prcs, Hourly purchase/selling price between peer and community manager
(USD/MWh)

prii Cost for using grid that peer pays to community manager (USD/MWh)

prly Trade cost between communities (USD/MWh)

859/8m9 /5N 5T/ 5W | 5PV Coefficients of fuel cost function for gas/non gas/hydro/nuclear/wind/PV units
(USD/MWh)

Variables

SC Social cost (USD)

XijelYVije Traded electricity for purchasing/selling between peers (MW)

Dict./Cict Traded power for purchasing/selling between peers and community manager
(MW)

Sce/ Yer Electricity amount that the community manager purchases/sells from/to all

internal peers (MW)

Jit Power output (MW)

p_net;, Net power (MW)

t X/t Yie Total purchased/sold power by peer i (MW)

u_sell;,/u_buy;, Binary variable for selling/purchasing status

ﬂ%ﬁ Y Total imported/exported traded electricity outside the community

Electricity purchased/sold from/to the DC (MW)

Power output from natural gas/non natural gas/hydro /nuclear/wind/PV units
MW)

. b . N
dlStrC"mPc.t / dlstrwmpc.t

pgu.bu/pgg.bu/pgu.bu/

n w pv
pgu.bu/pgu.bu/pgu.bu

1. Introduction

For more than a century, the energy supplies have been organized by following a scheme of unidirectional flows, both for
energy supply and information flows (U.S. Department of Energy, 2017). This scheme, in general, considers that the electricity
is produced from a generator park (located far from the end consumers), and it is transmitted over long distances through high
voltage lines. Electricity then passes through distribution stations, where its voltage is reduced, to be transported to end-users
via low voltage lines. This traditional scheme is shown in Fig. 1-A. While the system can be considered deeply developed,
the annual global investments in the expansion and research of the electricity sector have been increased from USD 430 billion
in 2005 to over USD 760 billion in 2018 (IEA, 2019).

However, recently there have been many developments in electricity generation technologies (Schroder, Andreas; Kunz,
Friedrich; Meiss, Jan; Mendelevitch & Hirschhausen, 2013) and smart grids (Dileep, 2020). These developments have made
it possible to achieve decreases in production costs and increase the efficiency of the operation of the systems. Currently,
several developments have promoted the development of a new concept (in terms of electricity generation and supply). I) The
first development was the reduction in costs for the manufacture and installation of photovoltaic (PV) cells (Ardani et al.,
2018) and wind turbines in homes (Bahaj et al., 2007). IT) Developments in two-way communication between power system
elements (Kristov, 2019). III) The participation of new electrical devices, such as electric cars, has been increased during the
last years due to the evolution in the autonomy of these vehicles, reductions of their prices, along with a larger product supply
by the different car brands (Slowik et al., 2016).

The impact of all these new technologies leads to important changes in the structure of the electricity systems. The new control
technologies allow improvements in the communications between the system elements, improve the flexibility of the systems,
reduce electricity consumption, and provide a more reliable service. In consequence, new structures of electrical systems must
be in concordance with the novel technologies (Huang et al., 2012). In this regard, Fig. 1-B shows a novel system
configuration. It considers an adaptation, which is proposed to integrate the traditional large-scale system (one-way
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information, labeled as Conventional End Users in the figure) with the new electric system configuration (two-way
information system, labeled as New structure of End Users).
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Fig. 1-A. The traditional scheme of electricity systems. B. The new scheme of generation and production of the electricity
system.

From all emerging information and electricity distribution technologies, the concept of peer-to-peer (P2P) trading was
developed (Yebiyo et al., 2020). In this type of market, the participants, called peers, can change their roles as buyers or sellers
of electricity. They perform these transactions according to the supply and demand interactions. Peers are considered entities
with their economic benefit objectives. The P2P market structure has been studied in the literature, and numerous papers
discuss the topic (Hayes et al., 2020; Huang et al., 2012; Kusakana, 2019; Rodrigues et al., 2020; Tushar et al., 2019, 2020).
Many researchers agree that a system operator (SO) is needed to provide a secure framework and ensure free competition
between peers (Johnston, 2017). Under the SO administration, peers propose their bids (specifying prices and amounts of
electricity) they are willing to sell or buy. The offers of each peer are confidential and only the SO can access them. In this
context, Electricity Distribution Companies (DC) are included as bidders, participating in the transactions (Liu et al., 2019).
Novel schemes started finding successful applications in cases such as the Energiewende system in Germany (Joas et al.,
2016), along with emerging technologies. The main advantages of P2P trading are that the electricity produced by each peer
can be linked to the profit by competitive economic benefits. The generation stage is considered in concordance with the
requirements of the end-users. The optimization of these resources can be enhanced by using a cooperation network between
producers and consumers (Park & Yong, 2017).

The basic process considers that peers submit their bids. Then, the SO analyses the bids and the system status to receive these
transactions (for instance, line status). The SO solves an optimization problem (then offsets the price) while the demand and
generation are scheduled (according to resource availability (Basnet & Zhong, 2020)). The compensation price consists of the
payment for the amount of energy that the peers offer to buy or sell. It is implemented to ensure all peers in the P2P community
gain economic benefit (Long et al., 2018). The compensation price is adopted to favor the peers when they participate in the
P2P electricity market. After receiving the compensation price, each peer can accept it or submit a new bid. In the next round,
the SO analyses new offers and determines a new compensation price. This process is iterative and ends when there are no
more changes to offers (or a certain number of steps are reached). Several papers analyze the price compensation mechanism
(Lin et al., 2019; Zhou et al., 2020).

The organization of the P2P market is based mainly on two possible ways: Full P2P bilateral negotiation mechanism and P2P
with Community Managers (CMs). In the first case, the SO administers a structure where the bilateral contracts between peers
are considered by ensuring free competition and system security. However, under this structure, the hidden costs of
participating in the market could be high for a single peer. The risks of a single peer not being able to comply with the contracts
are also high. A peer could adopt a very conservative strategy (with low participation in the market) to avoid potential
economic losses (and penalties for non-compliance with the contracts). In many systems, there are many systems where the
peers are represented by CMs (because of the before drawbacks). This structure can offer several benefits to peers, such as
reductions in operating costs and increasing profit margins. Negotiation processes have been studied in the energy industry
field. In (Biswas & Gupta, 2019) the barriers to the adoption and successful implementation of blockchains are studied in



104

different industries and services. In (Hasan et al., 2019)a solution for efficient supply chain management involving items
shipped via smart containers is developed.

Some related works that attend this kind of electricity trading exist in the bibliography. In Nakayama et al. (2019), the authors
present an operational optimization model that minimizes the cost of electricity buyers through smart contracts shared among
all the blockchain nodes. (Li et al., 2019) also proposes a blockchain for decentralizing the transaction of electricity applied
to microgrids at the distribution level. In (Yebiyo et al., 2020), an initial conceptualization of this novel market is developed
by studying the influences of the consumer-peer relationships along with the technology innovations. Authors of (Khorasany
et al., 2019) present a bilateral transaction model that addresses the direct interaction of players in the P2P market. Also, Liu
et al. (2019) present a review of the main configurations of P2P markets, giving the main characteristics of each one. The
authors of Moret and Pinson (2019) develop a decomposition model that addresses the CM optimization problem. Kang et
al. (2017) propose a P2P model to perform transactions among hybrid and electric vehicles connected to smart grids. The
model satisfies the demand by considering incentives to discharging vehicles to balance the electricity trading. Besides, a
promising consortium blockchain technology is included to improve the security of transactions. Finally, in Hug et al. (2015),
a micro-grid is solved, where the power demand is covered by using local generation.

Table 1 summarizes the main contributions of the before works and the main differences with this proposal. As can be
observed, many approaches consider the interactions in the new structures of the P2P market. However, not many papers
consider the link between traditional systems and the new systems previously described. Few works address this link. In this
regard, (Wandhare & Agarwal, 2014) consider the centralized-distributed relationship, but only for PV generation. Besides,
the main drawback of the methods that solve large-scale systems, which consider the smart grids, is that the models solve
both systems in isolation (Zhou et al., 2014).

A common issue in the literature is the lack of coordination between large-scale systems and small distribution networks. This
problem results in economic and operational disadvantages for both systems. Often, it is impossible to cover the demand by
using a cheaper source because it is impossible to transmit this flow (when the pre-calculated solution is applied to the real
grid). Consequently, the demand must be met less optimally, or, even worse, it cannot be satisfied. In this regard, the authors
of (Bell & Gill, 2018) confirm that it is necessary to improve the coordination between these systems. These affirmations are
based on reports of (De Martini et al., 2015) about these inconveniences in their studied systems. However, the largest amount
of electricity is generated through large-scale systems at present, despite several authors believe that the smart grids (along
with distributed generation) are the key to the future (El-hawary, 2014; Gharavi & Ghafurian, 2011; Ipakchi & Albuyeh, 2009;
Reka & Dragicevic, 2018). Consequently, if a smart grid is scheduled in isolation and these results are included in the
parameters of the large-scale system to be solved (in a static manner), there are several drawbacks. A possible inconvenience
to this methodology is that it fails to schedule properly renewable sources. Furthermore, successful operations of the smart
grid are obtained, when holistic analyses are considered, to avoid this issue. The whole system must be considered as
integrated, not as isolated portions (Ribeiro et al., 2012).

Table 1
Main contributions and differences of related bibliography

Paper Main Contributions Differences
(Yebiyo et al., Conceptualization of the P2P electricity market. It describes a model architecture with considerations of the
2020) market at distribution level.
(Y.Liuetal., A review of the main configurations of P2P markets. Main contribution is giving readers a detailed stat-of-art of the
2019) more extended P2P configurations.
(Nakayama et al.,  Optimization model that minimizes the energy cost through  Solve the problem through blockchain implementation. It does
2019) smart contracts. not consider integration between large-scale and decentralized

(Lietal., 2019)

(Khorasany et al.,
2019)

(Moret & Pinson,
2019)

(Kang et al., 2017)

(Hug et al., 2015)

Blockchain implementation of decentralized grids at
distribution level.

A novel bilateral transaction model that addresses the direct
interaction of players in the P2P market.

A model that addresses the community manager
optimization problem. Authors consider a system with 15
peers.

A P2P model for transactions among hybrid and electric
vehicles in smart grids. Demand is satisfied by considering
incentives to discharging vehicles. Blockchain technology is
presented to improve the security of transactions.

A distributed energy management approach is developed to
coordinate the local generators, loads, and storage systems.

systems.

It does not consider upper electricity levels as transmission and
generation on a large-scale.

It considers the P2P market with full interaction between the
consumers and peers. Implications of a possible connection with
large-scale systems are not included.

Authors present a decomposition method that divided the original
problem for each peer. The link between decentralized and
centralized systems is not explored.

The analyzed system is only included into a smart grid. The
COnsortium blockchaiN (PETCON) method does not consider the
nexus between these grids and the traditional large-scale systems.

The model is applied in microgrids. Large-scale systems are not
included in the test systems.

In this context, a new model called the Integrated model (INT), which considers the relationships between both structures, is
vitally important. The contributions of the paper are the followings:
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e  The new hybrid model combines traditional-centralized electricity production with decentralized-P2P trading with
two-way communication. Holistically considering both systems brings economic and operational benefits. The
economic benefits arise because, by dynamically considering the integration, scheduling and load dispatch can be
adapted more conveniently. In addition, peers can sell their surplus in a larger space, increasing their profit.

e  The daily scheduling takes into account no only high power systems but also small-scale elements, improving their
efficiency. It means extra operational benefits. The model considers simultaneously, for instance, the effects of a 100
MW generator than the effects of a 1 kW PV solar roof.

e The model considers stages belonging to traditional systems such as large-scale generation, high-voltage electricity
transmission, and energy distribution. It also includes the operation of the smart grids that performs the novel
structure, where the interactions among peers, distributors, and small-scale generation takes place (ensuring
transparency and confidentiality of data). This work considers the transmission constraints for the high voltage stage
(traditional system) and the low voltage stage (decentralized system). The model considers several costs (relating to
the energy field) as fuel consumption, operating cost of each source, and costs of the grid using.

The implementation of the proposed model is demonstrated to show the viability and effectiveness of studying a real case.
The test system is the integrated Argentine large-scale system and Armstrong smart grid. Results will prove the convenience
of applying the novel formulation when they are compared with traditional models in the literature (that address both systems
in isolation). Besides, the two classical models, which are preferred in the literature (the full peer-to-peer electricity market -
P2P- and the Community Manager -CM- models), are also included in detail because this paper offers modifications of these
models that enhance their performance. However, the main reason to consider both models is to facilitate the reader's
understanding of the characteristics of the INT model. As will be seen in the following sections, presenting in detail the most
relevant points of the classic models, the formulation of the INT model will be better understood.

The rest of this paper is organized as follows. Section 2 shows the classic mathematical approaches: the full P2P model and
the CM model. Section 3 presents the novel Integrated model. Section 4 details the test system. The results are discussed in
Section 5. And several conclusions are given in Section 6.

2. Classic models that address the peer-to-peer systems

In this section, the models representing the P2P market relationships will be presented. How the different components interact
will constitute the main difference between the models.

2.1. Full peer-to-peer electricity market (P2P) model

In this type of market, direct trading between peers is predominant. They can freely negotiate the purchasing or selling of
electricity. Based on the work of (Hug et al., 2015; Kang et al., 2017; Khorasany et al., 2019), this model can be represented
as:

T T 1 J T
. _ b g g
minSC = Z Z it €9i + Z Z Z(PTi,j Xije DT Yije P Xije — D1 Vijie) W
T T T T T

where Eq. (1) is the objective function that represents the social cost of the problem. The selling/purchase price pr;’; , /prif’]-_t

is a constant related to the peer and market characteristics. Determination of the price is deeply discussed in (N. Liu et al.,
2017). The traded electricity variable (x; j/y; ;) results from the difference between peer demand (dkt;,) and generation

of each peer (g; ).

Demand constraint (2) determines that the production of generators and the available electricity must cover the demand.
Where distrcomp? . is the electricity amount that each peer buys to the Distribution Company (DC).

1 1
Z dkt;, = Z(gi,t Fdistromp?); €= 1T
7 7 ' 2

Constraint (3) establishes that the electricity transmitted through lines is limited by their maximum capacity (r)_ij), and the
circulation in both directions is admitted.

oL, <pl<plpi=1.,5j=1..t=1.,T 3)
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In addition, constraints (4-7) model the trading of electricity.

XM < xy e < x5 i=1..,Lj=1,.,;t=1,.,T 4
Xije+ X = 0; i=1,.,Lj=1,.,5;t=1,.,T (5)
Xje = 0; i=1,.,Lj=1,.,t=1,.,T (6)
Vije < 0; i=1,..Lj=1,.,;t=1,..,T (7)

where Eq. (5) ensures that the net transaction between peers i and j is 0. Sign assumptions are established in Eq. (6) and Eq.
(7), the purchased electricity is positive, and the sold one is negative. In addition, each bus of the system is balanced in
constraint (8), which is presented as follows:

1 1 1
- Z gi,t + z pdtki,t + z p_net,-'t = 0; t= 1, ,T

i€ebu iebu iebu (8)

The net power (p_net; ;) is the amount of electricity available or required depending on its value. In this regard, constraint
(9) constitutes the variable by using two components: the total selling electricity of peer i (t_y;.) that is the available amount
to be sold if the value of p_net;, is positive. And the total purchasing electricity of peer i (t_x;,) that is the required amount
if the value of p_net; . is negative.

p_netiy =t yir — t X i=1..,Lt=1,..T )

The variables t_y; . /t_x; are related to the trading variables of selling (y; ;.)/purchasing (x;;.) between peers i and j by
constraints (10-13).

J
txie = ) Fije; i=1.,0t=1.,T
J
EVie= ) Yije i=1.,t=1.,T
Vit ]- Yijt (11)
1
e = )Xo j=lfit=1.,T
i (12)
1
t_yj't=Zyi'j‘t; j=1. i t=1,..,T
i (13)

Constraints (14-17) ensure the correct working of binary variables u_sell;, and u_buy;, that correspond to the selling and
purchasing peer status, respectively. u_sell; . is equal to 1 when the net power is greater than 0, and 0 otherwise. An inverse
situation occurs by using u_buy; .. And M is a large positive number.

—M(1 —u_sell;;) < p_net;, < M(u_sell;,); i=1..,t=1,..,T (14)

—M(u_buy;.) < p_net;; < M(1—u_buy;,); i=1..,Lt=1,..,T (15)

—M(l — u_buyi,t) —ponety <tx; < M(l - u_buyi‘t) —p_net;;

i=1.,t=1,..,T (16)
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M(l - u_sell,-,t) +ponet, <ty < M(l - u_selll-,t) + p_net;,
i=1..,t=1.,T 17

In order to solve the problem with the P2P model, several techniques have been implemented in the literature, in concordance
with the spirit of the decentralized distribution of the problem. Some of these techniques are mentioned in (Sorin et al., 2019).
Fig. 2 shows the scheme of this model. However, in this paper, the problem is solved by using a Mixed-integer Linear
Programming (MILP) model that minimizes the social cost as was described in (1) and subject to (2-17). In addition, the
model assumes that the discussion between the peer that buys electricity and the peer that sells it is solved during one step.
This assumption is based on the fact that trading prices were previously accorded by all peers. In this context, the SO receives

all bids and solves the problem.

m[m| i
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Fig. 2. Full P2P model scheme
2.2. Community Manager (CM) Model

When a full P2P market model is utilized, some peers can have several issues to address the required demand. In consequence,
their participation as bid makers in the grid can be dramatically reduced, in order to avoid potential penalties due to
possible deviations in the agreed contract. To face the issues of non-compliance with the contracts, the concept of electricity
trading with Community Managers (CMs) is introduced. In consequence, a MILP model that minimizes the SC variable of
the objective function (18) based on the trading between CMs is presented as follows:

T C I T C
MinSC = > " (Drchbiae +PreieOics +Pres, Puee +Drel, Giae) + ) > (Priakii, = priants, s
t ¢ i t ¢

Constraints (2-9), and (14-17) are also implemented. In addition, constraints (19-22) define the rest of the model. In
concordance with the concept of task delegation to the CMs, if a peer decides to trade with another peer, who is outside of the
community, the transaction must be performed through the CM. In this regard, constraint (19) establishes that the sum of the
electricity amount that all peers, included in the community w, buy from the CM is equal to the variable y.—, (. Similarly,
(20) establishes that 8-, ¢ represents the total amount that all peers sell to the CM of its community w.

1

Z Pic=w,t = Ve=w,ts t=1,..,T

iEw (19)
1

Z Ui,c=w,t = 5C=a),[; t= 1, ooy T

iEw (20)

Constraint (21) determines the electrical balance of the community. It establishes that the sum of the electricity entering the
community is equal to the sum of the electricity leaving the community. Where distrcomplc’t /distrwmpzt represents the

variable related to the electricity transactions with the peer that represents the DC. Fig. 3 illustrates the scheme of the CM
model.
D D
exp

. b i ;
dlStTcompct + e + § Hén;z;: = dLStTcompit t Ver t E Heayt
: = : - (21
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Fig. 3. Community manager (CM) model scheme
3. Integrated model (INT)

Nowadays, decentralized systems composed of smart grids are not very common, and the vast majority of the users are
supplied with classical large-scale systems. These systems are composed of generating units that work using different sources.
Usually, generating units are far from consumption centers. As a consequence, the generation is transmitted through large
distances by using high voltage lines. Distribution stations are located close to the centers, they adequate the electricity
ensuring that it arrives at final costumers. Large-scale systems are mainly characterized by the central control of the
Independent System Operator (ISO). While the specific activities of ISOs can vary between different countries (especially
between European and American countries), the main functions of ISOs are the application of market rules, ensuring
competence, establishing the optimal load dispatch, and the control of all the market participants. However, the current
technologies allow the integration between large-scale centralized systems and decentralized ones.

3.1. Large-scale system—smart grid. Model formulation

The complete formulation of the large-scale system model is detailed in (Alvarez, 2020) (sections 2.1-2.5 and 2.7). The BSL
(Block System Linear) model includes constraints related to the demand, spinning reserve, power output limits for thermal
units, hydro generation, PV generation, wind generation, nuclear generation, and transmission. Formulations in this paper
deal with the effects of day-ahead, considering the ISO management for large-scale generation and transmission of electricity.
Constraints of some types of generation sources are originally nonlinear. Consequently, the elevated computational effort in
large-scale systems is an important inconvenience for solving their scheduling. According to the above, the BSL model attends
to the nonlinear constraints by ensuring an accurate level of solution. Besides, the capacity of the model to divide the large
systems into generating blocks reduces the computational effort by obtaining feasible solutions with efficient times. Therefore,
the novel model of this section integrates a large-scale system with the peer-to-peer market model. The BSL model is selected
to model large-scale systems because it combines the main energy sources globally: thermal generation with liquid and solid
fuels, natural gas-fired units, hydro generation, wind, PV, and nuclear. Because of the above, the objective function that
addresses the operating cost is presented in Eq. (22).

BU GU (22)

; — 9 ng n h h n n w w pv v
min costigrge scate = Z Z (pgu,bu,t‘sg + pgu,bu,t‘s 9+ pgu,bu,t5 + pgu,bu,t5 + pgu,bu,t‘s + pgu,bu,t5p )
bu gu=1

The Integrated P2P model (INT) combines the formulations of sections 3.1-3.2. When the social cost of smart grids is related
to a large-scale system, the objective function is Eq. (23). This objective function is obtained from the combination of (1) and
(18). It considers transactions between peers located inside the community, between peers inside and outside the local
community, and between CMs and ISOs. The latter is connected to smart grids through DCs. The first term of the objective
function is the cost of the internal generation (cost of producing electricity with generations that belong to each peer), the
second term is the cost of full P2P transactions, and the third term is the CM trading cost.

T T 1 J T
: b_di
minSC = Z Z gircgi + Z Z Z(pn-, T Xy e+ DTSV + PR Xoje = PR Vige) (23)
T T T 5T
T C

T C I
b_di i
£ I rel Y b + 7CS O+ TC, Pice +PTES Giee) + D ) (Prabih — priant
t ¢ i t ¢
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It can be observed that constant prif’j‘dif T is the differentiated price (USD/MWh) that can be obtained when the large-scale

system is connected with the smart grid. When the demand of the smart grid is not met by the internal generation capacity,
the grid must import electricity. In this context, if the mathematical model that represents the operation of the large-scale
system considers the demand of the smart grid as variable, the importation cost that DC must pay to the ISO could be reduced.

In consequence, all peers can be benefited from the value of prif’j*d‘f f
also benefited from the interaction with the ISO. The model of this section includes several constraints that were presented in
the two previous sections. The objective function (23) is subject to constraints (2-17) and (19-21). Fig. 4 illustrates the
structure and the interaction between components of the complete model. The relationship between the model of the large-

scale system and the smart grid will be discussed and exemplified in the next section.

because the DC, which trades with peers and CMs, is

Generation Stage

Stage

Distribution
Stage

Large scale system

Smart Grid

Operating Cost (22)

Operating Cost (23)

Integration of
P2P - CM models

Full P2P trades

i (217)
a :
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@2 . ©
g Spinning Reserve % CMs trades
= H
% {Power Output Lim 8 (19-21)
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Fig. 4. Scheme of the model that relates the large-scale system and smart grid. INT model
3.2. Enhancing of electricity transactions and contributions of the INT model

Several points distinguish the INT model from similar ones presented in the literature. Most of the differences were marked
in the Introduction. However, in this subsection, other points are highlighted. It should be clarified that the complete INT
model is not only composed of the formulation presented in this paper but is also formed by other constraints (that have
already been developed in the literature and have been duly cited in the corresponding section).

In the present work, only the constraints that are new to the state of the art have been presented. This was prepared in order
not to overextend the content and facilitate the reader's understanding. Even in the description of the P2P and CM models
(which are not the main contribution), novel formulations are introduced. This is the case of the constraints (4-7), (10-17),
and (19-20). They are based on activations and deactivations using auxiliary variables. These constraints are important because
they allow maintaining the nature of the type MILP for the implemented models. This differentiates this proposal from others
that consider nonlinear constraints that increase computational times. It also differentiates the proposal from others that use
decomposition techniques to reduce computational times, but present the risk of leaving an optimum out of the search process.
As detailed in (Lima & Grossmann, 2011), the MILP models have the advantages of presenting reductions in computational
time, flexibility to add constraints, and ensures the global optimum.

Besides, the model of (Alvarez, 2020) presents several linearization techniques. They have a sufficient level of approximation,
according to the evaluations that have been made in this work. The present work takes the mentioned paper as a starting point.
This previous work includes linearization techniques that correspond to conventional hydropower generation and pumped
storage units. Non-linearities of these units include the operating curves (power output vs. hydraulic head vs. water discharge)
and the pumping operation. The previous paper also considers the non-linearities and the head effects in the pumping mode.
They are not often considered in the literature. Original constraints that represent the high voltage power transmission are also
non-linear. In addition, the thermal unit fuel consumption constraints are non-linear and the paper also linearizes them by
implementing linear convex sub-estimations. If all the mentioned constraints are considered, in addition to the new ones from
the present paper, the amount of total formulas is higher than 60. In this context, it will be hard to follow this proposal. As a
consequence, the author decided only to include in the present work the constraints that are novel in comparison with the
previous approaches.
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In addition to the above, the formulation of the INT model presented in Section 3.1 includes the necessary constraints to
establish the link between large-scale systems and smart grids. This is not just a mere annexation of more factors concerning
the smart grid. It is a whole new development to be able to achieve the operation of both types of systems efficiently using
interdependent formulations. This is one of the major contributions of the work and differs from most of those presented in
the literature, which does not consider the dynamics of both systems at the same time. Often, the scheduling of the electric
system is performed by considering, in a primary stage, the scheduling of the large-scale system, and in a secondary stage,
the dynamics of the smart grid. This leaves the smart grid very limited and makes it lose its ability to increase the efficiency
of the whole system.

4. Test system

The selected test system is composed of the Argentine Electricity System (SADI by its Spanish acronym) with an installed
capacity of over 38,000 MW. The system is divided into nine geographic regions, they are: Gran Buenos Aires, Litoral,
Noroeste, Cuyo, Noreste, Buenos Aires, Patagonia, Comahue, and Centro. More than 50% of the electricity demand is required
by Gran Buenos Aires- Buenos Aires regions, in concordance with the major portion of the population. In the electricity
market, there are a lot of generation companies that can be public, private, or mixed entities. The energy matrix of the country
is composed of fossil sources 63.8%, hydropower generation 29%, nuclear fuels 4.7%, and rest of renewables 4.8% (wind
generation 53%, hydro lower than SOMW capacity 33%, PV 8%, biomass-biogas 5.9%). It is noticed that natural gas is the
most important source for thermal generation representing over 90% of fossil fuels. The main scheme of the SADI is composed
of 15 buses (E1-E15). The one-line diagram can be observed in Fig. 5.A and all related data can be found in the Appendix of
(Alvarez, 2020).

Regarding the smart grid, it is located in Armstrong city, which is placed in Santa Fe province (marked in Fig. 5.A with a
yellow triangle), with a population of 12,000 residents. The local DC (called CELAR) has 5,600 users and a peak electricity
consumption of 8.4 MW. In addition, 34% of its demand belongs to the residential category, 26% commercial, 32% industrial,
and 7% of rural customers. This location has been chosen for implementing one of the first experimental smart grids in the
country. It presents micro-generation of small wind farms, PV panels, and a solar park of 200 kW (Guido, 2018; Talpone, J.
1., Puleston, P. F., Cendoya, M. G. Battaiotto, 2016). The grid has been organized as been shown in Fig. 5.B, for didactic
purposes, with 12 buses (namely B1-B12), 19 peers (P1-P19), 11 lines, and 4 communities. Peer 18 is in charge of the solar
park operation. The large-scale system is related to the smart grid through Bus 12 where the DC is located. The company is
represented by peer 19 and is connected to the SADI by the large-scale bus E7. The generation technologies that correspond
to each peer are indicated in the figure. A natural gas turbine has been included in communities 1-3 to ensure the feasibility
of the model.
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Fig. 5. A) Test system. Argentine large-scale system. B) Armstrong smart grid.
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The three models (presented in Sections 3.1-3.3) have been studied. For the first one (P2P model) limits between communities
are not taken into account. For the second one (CM model) the trading between communities is promoted. Lastly, the third
model utilizes both previous costs to represent interactions among peers and communities. Information about PV generation
is presented in the Table A.1 of the Appendix (generation during hours 1-7 and 21-24 is 0) and of wind generation is in Table
A.2. Data relating to the consumption of peers are presented in Table A.3. The information about the grid is based on the real
case. However, some data have been modified to obtain feasible solutions.

5. Numerical results and discussion

Mathematical models were tested using CPLEX (IBM ILOG CPLEX Optimizer. Version 12.3.0.0. Jul 2011., 20 C.E.) under
GAMS (Bussieck & Meeraus, 2004) on a computer with an A6-3400M AMD processor with 8 Gb of RAM. The time horizon
of the study is one day, the time unit is one hour and the relative gap is 0.0005. In the first case, the full peer-to-peer model
(P2P, presented in section 3.1) is represented by (1-17) and composed of 27,121 equations, 20,617 single variables, and 912
binary variables. The total social cost is 6,514 USD and the computational time is 0.5 sec. Table A4 shows the electricity
purchase prices for the peers and Table A5 the prices for the selling. As can be observed in the table, purchase prices between
peers closer to each other are lower than prices of peers farther apart. The situation with selling prices is inversely proportional,
with higher prices between closer peers. This characteristic of prices is designed to promote trading between closer peers
because this action reduces the risk of line overloads. This risk is increased when electricity trading fluctuates between short
and large distances. Besides, there is an extra cost of using the main grid for trades between peers. This cost is presented
in Table A6 and it is noticed that the cost of trading with the DC is lower than the cost for trading with the rest of the peers.
It is due to two main reasons: I) the fact that the DC is in charge of the maintenance and operation of the lines, and II) for
promoting the trading between peers that are different from distribution companies. In Fig. 6 can be appreciated the electricity
trading between peer 19, which represents the DC, and the rest of the peers. The figure shows how the DC sells the required
electricity to its peers. Peers that require more electricity amounts are 10- 13 and 15-17. They require 2648, 2117, 2648, 2451,
2084, and 2401 kWh during the entire programming horizon, respectively. The mentioned peers represent the major portion
of users. By contrast, the peers that require the lowest amount of electricity from the DC are peers 8 and 10, with 53 and 48
kWh, respectively. These peers contain a low number of users. Lastly, peer 18 does not buy electricity from the DC. It only
buys electricity from peer 14 during hours 1-8 and 20-24. For the rest of the hours, the peer sells electricity to other peers
because it is in charge of the 20 kW PV power plant.
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Fig. 6. Electricity trading between peer 19 (the DC) and the rest of them. P2P model

In the second case, the system is solved by using the community manager model (CM). It is composed of 25,777 equations,
7,897 single variables, and 912 binary variables. The social cost is USD 4,599 and the CPU time is 0.4 sec. As a result of the
electricity trading through CMs, peers might obtain several economic advantages. CMs have greater political power than a
single peer to negotiate with the DC. Consequently, lower purchase prices and higher selling prices are obtained. However,
in this case, to prove the benefits of the CM model in comparison with the P2P model, the buying costs of peers that correspond
to the same community in Table A7 are very similar to costs expressed in Table A4. Besides, the costs between peers that are
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located in different communities are very high to promote the trading between the inside peers and the corresponding CM.
Similar reasoning is observed in Table A8 with the selling prices for the CM model. Working with a CM also brings other
advantages as reductions in cost for using the main grid. Table A9 shows the costs for using transmission lines of the DC, and
these costs are lower than the costs of Table A6 for peers that belong to the same CM. In addition, the model considers costs
for trading between CMs, and they are presented in Table A10. The larger distance between CMs, as higher the trading cost.
Notwithstanding these costs between CMs, all peers are beneficed in comparison with the previous model due to substantial
profits than the trading between CMs reaches. In addition, Fig. 7 illustrates the main results that are obtained with the CM
model. Fig. 7. A) shows the curves that represent the electricity that CM sells to inside peers. CM 1 registers the highest
amount of electricity during the whole time horizon, 12,130 kWh, because the peers represented by this CM (peers 1-6) are
not available to generate electricity. However, CM 4 has the lowest amount with only 41 kWh. This low amount is due to CM
4 has a few users and the generation of the PV solar power plant. By contrast, Fig. 7. B) shows the amounts that the CMs buy
from their represented peers. These purchases can be used to sell to other internal peers or other CMs. Indeed, CM 3 buys the
generation from peers 11, 13, and 14, while CM 4 buys the generation from peer 18. Generation purchased by CM 3 is sold
to internal peers that do not generate electricity. However, the generation purchased by CM 4 cannot be sold to another internal
peer because CM 4 only represents peer 18. Consequently, the purchased electricity by this CM is sold to other CMs.
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Fig. 7. A) Electricity that CMs sell to inside peers. B) Electricity that CMs buy from their peers. CM model.

For the third case, the system is solved by using the integrated model (INT). It is important to mention that the results for the
two previous cases (P2P and CM models) have represented the social cost of operating the smart grid in isolation. As
previously appointed, both cases obtain the major part of the consumed electricity from the DC, and this company is supplied
by the large-scale system (SADI). In these cases, models do not consider the simultaneous operation of both systems (the
large-scale system and the smart grid). In order to obtain the total cost, the cost of the large-scale system is obtained by using
the BSL model without considering the hourly consumption of the whole smart grid in the bus E7. Then, the social cost of the
smart grid in isolation that is solved by applying the P2P or CM model is added. In this context, the operating cost of the
large-scale system is USD 7,751,156 and the BSL model is composed of 12,361 equations, 8,353 single variables, and 1,392
binary variables. As a result, when both costs for both systems are added in isolation, the total costs are USD 7,757,670 for
the P2P model and USD 7,755,755 for the CM model. By contrast, when the INT model is considered, the cost of the smart
grid in isolation is USD 4,374 (using the objective function (23)) and the cost for the integrated large-scale system and smart
grid is USD 7,752,080 (using (22)). The composition of the INT model is 38,139 equations, 16,251 single variables, and 2,304
binary variables. The CPU time is 1.4 sec.

Fig. 8 A) shows the generation profile of the large-scale system that is obtained by using the INT model. The figure indicates
that the major proportion of the generation corresponds to the hydraulic source with a total of 193,785 MWh during the
programming horizon. The second source in importance is natural gas because the country has made great growth in building
the infrastructure necessary for the development of this fuel. The total generation with natural gas technology is 126,494
MWh. The rest of the sources constitute 49 % of the total generation. As regards the latter, thermal generators with fossil fuels
different from natural gas produce 11,779 MWh. The nuclear source produces 42,120 MWh. Lastly, wind and PV plants only
produce 7,394 and 462 MWh, respectively. Fig. 8 B) shows the generation profile of the smart grid. In the profile can be
appreciated that the grid receives the major amount of electricity from the DC. Results show that the company sells to CMs
21,500 kWh. The peers that compose the grid only produce electricity from wind and solar sources. Consequently, the wind
generation during the whole programming horizon is 3,792 kWh and the PV generation is 660 kWh. The natural gas turbines
belonging to some peers do not generate electricity due to the costs of using these units are higher than purchasing electricity
from the DC.

To compare the performance of the three models, Fig. 9 presents the hourly cost of each model in the left vertical axis and the
grid demand in the right vertical axis. Only the social costs of the smart grid are analyzed in the figure. It can be observed that
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the curve of the P2P model is at an upper-cost level in comparison with CM and INT models. The hourly average of the
difference between curves of P2P and CM model is USD/h 83. And the average between P2P and INT model curve is USD/h
96. These differences also can be appreciated in the values of objective functions that were previously announced. The cost
of the P2P model is about 33% higher than the cost with the CM model and 33% higher than the INT model. By contrast, the
curves of CM and INT models are very similar. The curve of the INT model is about USD/h 10 lower than the CM curve
during each hour. Regarding hourly costs, results indicate that the costs of the three models vary in concordance with the
consumption. Indeed, costs are higher between hours 17 to 24. This time matches with the higher values of demand. The peak
of the hourly cost of the P2P model is produced at hour 23, and the peaks for CM and INT models are produced at hour 24.
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Fig. 8. A) Generation profile of the large-scale system. B) Generation profile and purchasing of smart grid. INT model.
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Fig. 9. Comparison of hourly cost among three models.

It is important to mention that the decrease in the cost of production with the INT model is not due to any reduction in cost
parameters. In fact, the INT model obtains a cost reduction by virtue of the greater freedom of operation it offers, compared
to the P2P and CM models. The INT model uses the same parameters as the previous models presented in Table A.1-A.10.
The main reason for the cost reduction is the obtained freedom. Consequently, a peer can choose to trade with the distribution
company, through a community manager, or directly with the other peer.

Thanks to this model, a peer can find it more convenient to trade directly with another peer at a certain time. For example,
perhaps at some point, a peer has a surplus that their CM cannot trade due to the saturation of the other peers they manage.
For this instance, it is more convenient for both peers (the one who buys and the other who sells, both from different
communities) to make the transaction directly between them. It should not be confused in any way that the reduction in
operational cost with the INT model is due to the use of other parameters (lower than in the previous cases). Furthermore, this
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arises from the fact that by using the new formulation, the number of possible transactions that could reduce the production
costs is increasing.

6. Conclusions

This paper presented three models that address the electricity trading problem under the peer-to-peer market structure. Models
minimize the social cost of the smart grid of generating and trading electricity to satisfy the demand of all peers that compose
the grid. The two first models attend the more common kinds of peer-to-peer markets: the full peer-to-peer market model
(P2P), which considers that all peers can trade freely on the whole grid, and the Community Manager model (CM), where the
trading is performed by CMs that represent the peers. These models present a novel formulation that distinguishes them from
many models available in the literature that solve the P2P problem by using several decomposition techniques. The main
problems of applying these techniques imply that the scenarios with possible solutions are reduced and it can lead to obtaining
solutions that are not global optimums. The test system is a real smart grid called Armstrong, located in Santa Fe province, in
Argentina. The grid has about 5,600 users, along with wind and PV generation. When the two models are compared, the CM
model reaches a feasible solution about 30% lower than the P2P model solution. The decrease in the social cost is due to the
advantages that constitute this kind of trading. This model puts the peers in a much better position to negotiate with the rest
of them and with the Distribution Company (DC), improves his competitive position in the market, and increases their profits.

However, the major contribution of this paper is the introduction of an integrated method that studies the large-scale systems,
characterized by centralized and vertical control, and the smart grids, characterized by decentralized control and P2P trading,
comprehensively. Most majority of the literature only solves smart grid trading in isolation. It is divorced from reality because
many smart grids around the world depend on the generation of large-scale systems. Often, the internal generation of the grid
(mostly renewable generation) is not enough to satisfy its demand. In these situations, it is necessary to buy electricity in the
large and centralized markets through the DC. To attend to this issue, the proposed model addresses both systems by
considering the dynamics of the smart grid into the large-scale system. It is the main difference between this integrated model
and the rest of the models that face these problems. In those cases, models solve the smart grid in isolation, and its demand is
subtracted from the total demand of the large-scale system and, then, both costs are added. To prove the effectiveness of the
new proposal, the model solves the test case formed by the Armstrong smart grid fully connected with the Argentine large-
scale electric system. Results indicate that the cost of the integrated system is reduced at least 5% in comparison with other
results. Another key of this proposal is the fact that the CPU times are less than 2 sec. The low computational requirement
allows obtaining, almost immediately, feasible solutions when any parameter of the grid changes.
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Appendix
Table A.1
PV generation of peers 11, 13, and 18 (MWh). All test cases
P/H 8 9 10 11 12 13 14 15 16 17 18 19 20
11 0.002 0.014 0.023 0.030 0.035 0.037 0.037 0.038 0.037 0.033 0.028 0.014 0.002
13 0.002 0.014 0.023 0.030 0.035 0.037 0.037 0.038 0.037 0.033 0.028 0.014 0.002
18 0.013 0.076 0.125 0.159 0.186 0.195 0.195 0.200 0.197 0.178 0.149 0.072 0.013
Table A.2
Wind generation of peer 14 (MWh). All test cases
1 2 3 4 6 7 8 9 10 11 12
0.090 0.085 0.101 0.090 0.079 0.070 0.099 0.076 0.099 0.099 0.064 0.090
13 14 15 16 17 18 19 20 21 22 23 24
0.087 0.055 0.098 0.079 0.098 0.059 0.098 0.064 0.099 0.965 0.949 0.099
Table A.3
Hourly peer consumption (kWh). All test cases
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 76.5 84.6 904 8.5 990 922 918 913 788 23 02 922 02 05 1066 906 113.6 42 97.3
2 71.8 795 849 803 93.0 86.6 862 858 740 22 02 8.6 02 04 1001 8.1 1067 39 91.4
3 714 789 844 798 924 861 857 852 735 22 02 8.1 02 04 995 846 1060 3.9 90.8
4 672 743 794 751 87.0 81.1 806 802 692 20 100 &81.1 100 04 937 79.6 998 3.7 85.5
5 626 692 739 700 81.0 755 751 747 645 19 100 755 10.0 04 872 741 929 3.4 79.6
6 584 646 690 653 756 704 701 69.7 602 18 100 704 100 04 814 692 86.7 32 74.3
7 579 64.1 685 648 750 699 695 692 597 1.8 100 699 10.0 04 80.8 68.6 86.0 32 73.7
8 62.1 687 734 694 804 749 745 742 640 19 100 749 100 04 866 73.6 922 34 79.0
9 658 728 778 736 8.2 794 790 786 678 20 100 794 10.0 04 91.7 78.0 97.7 3.6 83.8
10 672 743 794 751 87.0 81.1 80.6 802 692 20 100 81.1 100 04 937 796 998 3.7 85.5
11 695 769 822 777 90.0 838 834 83.0 716 21 02 838 02 04 969 824 1032 38 88.5
12 730 80.7 863 81.6 945 880 876 872 752 22 02 8.0 02 04 101.8 865 1084 4.0 92.9
13 765 84.6 904 855 99.0 922 918 913 788 23 02 922 02 05 1066 906 1136 42 97.3
14 776 859 91.7 868 1005 936 932 927 800 24 02 936 02 05 1082 920 1153 42 98.8
15  81.1 89.7 959 907 1050 978 973 968 836 25 02 978 02 05 1131 96.1 1204 44 103.2
16 81.1 89.7 959 90.7 1050 978 973 9.8 836 25 02 978 02 05 1131 96.1 1204 44 1032
17 80.6 892 953 902 1044 973 968 963 831 24 02 973 02 05 1124 956 1197 44 1026
18 779 86.1 920 87.1 1008 939 934 930 802 24 02 939 02 05 1085 923 1156 4.2 99.1
19 765 84.6 904 855 99.0 922 91.8 913 788 23 02 922 02 05 1066 906 1136 42 97.3
20 774 856 915 865 1002 934 929 924 797 23 02 934 02 05 1079 91.7 1149 42 98.5
21 781 864 923 873 101.1 942 937 932 805 24 02 942 02 05 1089 925 1160 43 99.4
22 816 902 964 912 1056 984 979 974 840 25 02 984 02 05 1137 967 121.1 44 103.8
23 825 913 975 923 1068 995 990 985 8.0 25 03 995 03 05 1150 978 1225 45 105.0
24 823 91.0 972 920 1065 992 987 982 848 25 02 992 02 05 1147 975 1222 45 104.7
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Table A.4
Electricity purchase price between peers (USD/MWh). P2P and INT models

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 000 152 153 163 165 168 230 233 218 219 221 223 225 219 221 223 220 222 250
2 152 000 158 163 168 171 215 218 221 236 226 227 228 229 215 222 218 215 250
3 153 158 000 159 161 163 218 221 236 228 218 233 218 232 223 224 219 231 250
4 163 163 159 000 171 178 223 220 222 230 233 218 219 221 218 232 223 219 250
5 165 168 161 171 000 174 219 221 223 225 233 218 232 223 224 219 231 215 250
6 168 171 163 178 174 000 218 219 221 223 227 228 229 223 224 219 219 219 250
7 230 215 218 223 219 218 000 169 188 218 232 223 224 233 218 232 223 228 250
8 233 218 221 220 221 219 169 000 196 229 215 222 233 218 223 224 219 226 250
9 218 221 236 222 223 221 188 196 000 218 219 221 223 225 223 224 233 219 250

10 219 236 228 230 225 223 218 229 218 000 165 176 196 183 181 184 163 218 250
11 221 226 218 233 233 227 232 215 219 165 000 176 196 183 181 184 163 219 250
12 223 227 233 218 218 228 223 222 221 176 176 000 196 183 181 184 163 223 250
13 225 228 218 219 232 229 224 233 223 196 196 196 000 183 181 184 163 226 250
14 219 229 232 221 223 223 233 218 225 183 183 183 183 000 181 184 163 218 250
15 221 215 223 218 224 224 218 223 223 181 181 181 181 181 000 184 163 233 250
16 223 222 224 232 219 219 232 224 224 184 184 184 184 184 184 000 163 219 250
17 220 218 219 223 231 219 223 219 233 163 163 163 163 163 163 163 000 223 250
18 222 215 231 219 215 219 228 226 219 218 219 223 226 218 233 219 223 000 150
19 250 250 250 250 250 250 250 250 250 250 250 250 250 250 250 250 250 150 000

Table A.5
Electricity selling price between peers (USD/MWh). P2P Model and INT models
1 2 3 4 5 6 7 8 9 10
1 000.00 182.40 183.60 195.60 198.00 201.60 172.50 174.75 163.50 164.25
2 182.40 000.00 189.60 195.60 201.60 205.20 161.25 163.50 165.75 177.00
3 183.60 189.60 000.00 190.80 193.20 195.60 163.50 165.75 177.00 171.00
4 195.60 195.60 190.80 000.00 205.20 213.60 167.25 165.00 166.50 172.50
5 198.00 201.60 193.20 205.20 000.00 208.80 164.25 165.75 167.25 168.75
6 201.60 205.20 195.60 213.60 208.80 000.00 163.50 164.25 165.75 167.25
7 172.50 161.25 163.50 167.25 164.25 163.50 000.00 202.80 225.60 163.50
8 174.75 163.50 165.75 165.00 165.75 164.25 202.80 000.00 235.20 171.75
9 163.50 165.75 177.00 166.50 167.25 165.75 225.60 235.20 000.00 163.50
10 164.25 177.00 171.00 172.50 168.75 167.25 163.50 171.75 163.50 000.00
11 165.75 169.50 163.50 174.75 174.75 170.25 174.00 161.25 164.25 198.00
12 167.25 170.25 174.75 163.50 163.50 171.00 167.25 166.50 165.75 211.20
13 168.75 171.00 163.50 164.25 174.00 171.75 168.00 174.75 167.25 235.20
14 164.25 171.75 174.00 165.75 167.25 167.25 174.75 163.50 168.75 219.60
15 165.75 161.25 167.25 163.50 168.00 168.00 163.50 167.25 167.25 217.20
16 167.25 166.50 168.00 174.00 164.25 164.25 174.00 168.00 168.00 220.80
17 165.00 163.50 164.25 167.25 173.25 164.25 167.25 164.25 174.75 195.60
18 166.50 161.25 173.25 164.25 161.25 164.25 171.00 169.50 164.25 261.60
19 150.00 150.00 150.00 150.00 150.00 150.00 150.00 150.00 150.00 150.00
11 12 13 14 15 16 17 18 19
1 165.75 167.25 168.75 164.25 165.75 167.25 165.00 166.50 150.00
2 169.50 170.25 171.00 171.75 161.25 166.50 163.50 161.25 150.00
3 163.50 174.75 163.50 174.00 167.25 168.00 164.25 173.25 150.00
4 174.75 163.50 164.25 165.75 163.50 174.00 167.25 164.25 150.00
5 174.75 163.50 174.00 167.25 168.00 164.25 173.25 161.25 150.00
6 170.25 171.00 171.75 167.25 168.00 164.25 164.25 164.25 150.00
7 174.00 167.25 168.00 174.75 163.50 174.00 167.25 171.00 150.00
8 161.25 166.50 174.75 163.50 167.25 168.00 164.25 169.50 150.00
9 164.25 165.75 167.25 168.75 167.25 168.00 174.75 164.25 150.00
10 198.00 211.20 235.20 219.60 217.20 220.80 195.60 163.50 150.00
11 000.00 211.20 235.20 219.60 217.20 220.80 195.60 164.25 150.00
12 211.20 000.00 235.20 219.60 217.20 220.80 195.60 167.25 150.00
13 235.20 235.20 000.00 219.60 217.20 220.80 195.60 169.50 150.00
14 219.60 219.60 219.60 000.00 217.20 220.80 195.60 163.50 150.00
15 217.20 217.20 217.20 217.20 000.00 220.80 195.60 174.75 150.00
16 220.80 220.80 220.80 220.80 220.80 000.00 195.60 164.25 150.00
17 195.60 195.60 195.60 195.60 195.60 195.60 000.00 167.25 150.00
18 262.80 267.60 271.20 261.60 279.60 262.80 267.60 000.00 170.00
19 150.00 150.00 150.00 150.00 150.00 150.00 150.00 170.00 000.00
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Table A.6
Cost for using transmission lines (USD/MW). P2P Model and INT models
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 00 22 22 23 24 24 33 33 31 31 32 32 32 31 32 32 31 32 17
2 22 00 23 23 24 24 31 31 32 34 32 32 33 33 31 32 31 31 17
3 22 23 00 23 23 23 31 32 34 33 31 33 31 33 32 32 31 33 17
4 23 23 23 00 24 25 32 31 32 33 33 31 31 32 31 33 32 31 17
5 24 24 23 24 00 25 31 32 32 32 33 31 33 32 32 31 33 31 17
6 24 24 23 25 25 00 31 31 32 32 32 33 33 32 32 31 31 31 17
7 33 31 31 32 31 31 00 24 27 31 33 32 32 33 31 33 32 33 17
8 33 31 32 31 32 31 24 00 28 33 31 32 33 31 32 32 31 32 17

o

31 32 34 32 32 32 27 28 00 31 31 32 32 32 32 32 33 31 17
10 31 34 33 33 32 32 31 33 31 00 24 25 28 26 26 26 23 31 17
11 32 32 31 33 33 32 33 31 31 24 00 25 28 26 26 26 23 31 17
12 32 32 33 31 31 33 32 32 32 25 25 00 28 26 26 26 23 32 17
13 32 33 31 31 33 33 32 33 32 28 28 28 00 26 26 26 23 32 17
14 31 33 33 32 32 32 33 31 32 26 26 26 26 00 26 26 23 31 17
15 32 31 32 31 32 32 31 32 32 26 26 26 26 26 00 26 23 33 17
16 32 32 32 33 31 31 33 32 32 26 26 26 26 26 26 00 23 31 17
17 31 31 31 32 33 31 32 31 33 23 23 23 23 23 23 23 00 32 17
18 32 31 33 31 31 31 33 32 31 31 31 32 32 31 33 31 32 00 17
19 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 10 00

Table A.7
Buying costs between CMs and peers (USD/MWh). CM and INT models

Peers

CM 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 152 153 163 165 168 163 600 600 600 600 600 600 600 600 600 600 600 600 600
2 600 600 600 600 600 600 163 168 171 600 600 600 600 600 600 600 600 600 600
3 600 600 600 600 600 600 600 600 600 165 168 163 165 168 163 165 168 600 600
4 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 600 162 600

Table A.8
Selling prices between CMs and peers (USD/MWh). CM and INT models

Peers

CM 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 175 176 179 181 165 166 001 001 001 001 001 001 001 001 001 001 001 001 001
2 001 001 001 001 001 o001 177 178 179 001 001 001 001 001 001 001 001 001 001
3 001 001 001 00L 001 001 001 001 001 188 187 183 179 186 188 191 196 001 001
4 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 001 188 001

Table A.9
Cost for using transmission lines (USD/MW). CM model and INT models

Peers

CM 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 017 018 019 018 017 015 300 300 300 300 300 300 300 300 300 300 300 300 300
2 300 300 300 300 300 300 300 015 016 300 300 300 300 300 300 300 300 300 300
3 300 300 300 300 300 300 300 300 300 018 021 022 019 023 015 018 019 300 300
4 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 021 300

Table A.10
Trading costs between CMs (USD/MW). CM model and INT models
CM 1 2 3 4
1 0 2.1 2.5 33
2 4.5 0 3.5 3.1
3 2.5 35 0 2.8
4 33 3.1 2.8 0
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