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Abstract 
 
Nowadays the necessary coordination of trades to clear 
the energy market, while maintaining network security 
and adequacy of supply, is carried out centrally by a 
system operator. This paper examines the idea of an 
autonomously operating power system where energy 
trading is conducted in a decentralized manner among 
market players. A general decentralized solution 
framework is proposed, the main issues and challenges 
are discussed, and indicative results are presented to 
illustrate how the overall concept could work. 
 
Introduction 
 
Clearing the energy market involves collecting and 
managing a large amount of data in order to eventually 
solve an optimal power flow (OPF) problem. This has 
always been carried out effectively by a system operator 
(SO). However, with the advent of the smart grid, the 
increased penetration of distributed generation, and the 
need for active participation of consumers in energy 
management, the need to handle an increasing amount of 
input data as the system grows and more players enter the 
market pushes towards a decentralized solution. 
Resilience (i.e. ability to work even with loss of some of 
its components), limited information sharing (especially 
of financial nature), and fast solution speed (i.e. to be fast 
enough to clear a market in reasonable time) are three 
important desirable properties of this decentralized 
scheme. Achieving a decentralized solution involves 
defining the relevant optimization problem along with its 
inputs, solving it in a distributed way, establishing the 
required communication infrastructure and potentially 
selecting a suitable set of market rules. 
 
A variety of papers have previously dealt with distributed 
and / or decentralized approaches to power system control 
and operation. In [1] a Lagrangian Relaxation (LR) is 
used for the distributed optimization in a three area 
system. Inherent drawbacks of this technique [2] have 
prompted the use augmented Lagrangian approaches. A 
popular approach is based on the so called auxiliary 
problem principle (APP) [3, 4, 5]. In [6] a proximal point 

based method (PMM) is used, while [7] introduces a 
serial implementation of the alternating direction method 
of multipliers (ADMM) and compares it with the previous 
two methods. The essential difference between the 
methods lies in the terms involved in the subproblem 
objective functions; the results in [7] however do not 
indicate any significant change in performance. Finally 
[8, 9, 10] utilize an approach based on the KKT 
optimality conditions decomposition (OCD). Even though 
[11] indicates that this approach might reach the optimal 
solution faster, its convergence condition might not be 
always easy to verify, nor carrying out the subsequently 
required conditioning of the problem in a decentralized 
manner. Overall the above approaches have been tested in 
systems split in a limited number of areas and their 
performance has not been evaluated for large degrees of 
decomposition. Reference [12] uses a parallel 
implementation of the ADMM method and applies it to 
randomly generated large scale demand management 
problems, but does not take Kirchhoff’s laws into 
account. It does however seem to indicate potentially 
good scalability properties. In [13] a decentralized market 
clearing approach based on Lagrangian Relaxation is 
proposed. Details on convergence properties are not 
provided however, and simulation results were limited to 
dc power flow equations in a 16 bus system. 
 
This paper proposes a general framework for 
decentralized trading in electricity markets and presents 
an implementation of this scheme based on a parallel 
ADMM method. The latter is adapted to take into account 
the full AC power flow equations, and its convergence 
properties are illustrated through simulations on various 
IEEE test systems of up to 300 buses. In addition, the 
feasibility of large degrees of OPF problem 
decomposition, down to the individual bus level, is 
investigated. 
 
Decentralized System Structure 
 
The underlying idea behind this work is that each 
individual system component (transmission asset, 
consumer, generator etc.) or any collection of them may 
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be represented by a single agent. In this context an agent 
is an entity that handles all necessary exchange of 
information and solves the relevant optimization 
subproblems, so that it maximizes the economic benefits 
for those whom it represents. Placement and organization 
of the agents, as well as the potential benefits from the 
distributed solution, may differ depending on whether one 
focuses on transmission or distribution. 
 
In transmission, at the highest degree of decentralization, 
each bus could be represented by an agent. It may also be 
argued however that due to the limited number of buses in 
transmission, decentralization down to individual bus 
level might not be a solution of interest. The benefits of 
decentralization in this case might have to do mostly with 
the fact that, security and adequacy of supply 
considerations and certain power flow peculiarities may 
be more easily handled and incorporated into the 
optimization subproblems of suitably selected areas. On 
the other hand distribution is where the bulk of energy 
transactions in a decentralized market may be expected to 
take place. In contrast with transmission however, system 
nodes are often not easily accessible and assuming the 
existence of an agent at each system node could in 
practice presuppose significant costs. For low voltage 
networks, the most probable scenario is that a number of 
aggregators will be handling customers connected in 
different feeders and coordinate with the agent 
responsible for managing the medium voltage network 
and transmitting required price signals. 
 
Electricity markets generally operate in two time frames 
[14, 15]: the forward market, which operates up to a few 
hours before the actual power delivery, and the balancing 
market, which operates in real time. Trading in forward 
markets to a large extent is carried out through bilateral 
agreements. These often lack a transparent market price 
and as a result are slow to adapt to the actual system 
conditions [16]. The decentralized approach may serve as 
a mechanism for the discovery of the actual energy price 
in forward markets by performing a system wide 
optimization, while taking into account all relevant 
network constraints, but without requiring information of 
financial nature to be disclosed (as a centralized approach 
would do). At the same time it may enable effective 
demand response in both forward and balancing markets. 
It should be noted however that the price discovery 
offered by the decentralized approach comes with a 
disadvantage. At each moment, even if the market 
transactions have not been settled yet (i.e. the 
decentralized scheme has not fully converged) the 
marginal client has knowledge of this fact. This might 
allow for some additional gaming possibilities and 

consequently having a competitive market and adequate 
demand response capability is critical. 
 
The proposed decentralized structure may be seen on Fig. 
1. This work differentiates between two types of agents, 
namely system and client agents. The former deal with 
parts of the transmission or distribution system and do not 
directly include generation or demand. The latter 
represent either individual consumers or generators, or 
corresponding aggregating utilities. The proposed 
distributed optimization algorithm presupposes 
communication between physically connected agents. 
 
Mathematical Background 
 
The target in clearing the market is to maximize social 
benefit, in other words maximize the total market players’ 
surplus over the examined time period, i.e. minimize: 

௢݂ ൌ ෍ ቆ෍ ௜ሺݑ ௜ܲ௧, ܳ௜௧ሻ௜אே೎ ቇ௧אே೟  (1) 

Where: ݅ݑ The cost function of the ݅-th market player. ௖ܰ A set of ݊௖ elements representing system users / market 
players. ௧ܰ A set of ݊௧ time steps covering the optimization period. 

The equations following in this subsection describe a 
specific time step but for simplicity the corresponding 
notation will be dropped. The basic power flow 
constraints may be written as: ௜ܵ ൌ ௜ܸ∑൫ ௜ܻ௝ ௝ܸ൯כ, ݅, ݆ א ௕ܰ  (2) ௜ܸ ൑ | ௜ܸ| ൑ ௜ܸ, ݅ א ௕ܰ (3) ห ௜ܸݕ௞൫ ௜ܸ െ ௝ܸ൯ห ൑ ௞ܶ, ݇ א ௟ܰ݅ ՜݆ (4) 

Fig. 1. Example of a power system decomposed into several 
subsystems, and the corresponding representation with agents. The
lines on the schematic on the right indicate required bidirectional
communication links. 
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ห ௝ܸݕ௞൫ ௜ܸ െ ௝ܸ൯ห ൑ ௞ܶ, ݇ א ௟ܰ݅ ՜݆ (5) 
Where: ௕ܰ A set of ݊௕ elements representing system buses. ௟ܰ A set of ݊௟ elements representing system lines. The 

index ݅ ՜ ݆ indicates that ݅ is the start node of the line 
and ݆ the end node. ௜ܻ௝  Corresponding element of the bus admittance matrix. ௜ܵ Apparent power at ݅-th bus. ௜ܶ  Apparent power limit of ݅-th line. ௜ܸ Voltage at the ݅-th bus. ݕ௜  Admittance of the ݅-th line. 

Let ܥ௛ ൌ ሼࡿ, :ࢂ ݄௛ሺࡿ, ሻࢂ ൑ 0ሽ denote the corresponding 
feasible set. This set may be extended to take into account 
the effects of various contingencies, by replicating the 
constraints ݄௛, adding a set of constraints indicating 
allowable deviations around the normal operating point, 
and including an expected cost component in the 
objective function. While the constraints ݄௛ may very 
well be used to describe a distribution network, it is 
possible by taking into account the radial nature of the 
latter, to get to a simpler set of equations, which allows 
computationally more efficient solutions. One such 
example is the branch flow model initially proposed in 
[17], which is a relaxed problem with respect to voltage 
angle. The corresponding feasible set is denoted as ܥ௠ ൌ ሼࡿ, :|ࢂ| ݄௠ሺࡿ, ሻ|ࢂ| ൑ 0ሽ. 
 
Down at the network user level the constraints vary 
depending on the user type. At the very least these consist 
of active and reactive power limits and some kind of 
relation between them. Commonly time-linkage 
constraints are also involved, which define relationships 
between power outputs of consecutive hours. Again let ܥ௟ ൌ ሼࡿ: ݄௟ሺࡿሻ ൑ 0ሽ denote the feasible set at this level. 
The optimal solution of the overall power flow problem 
should lie in the set ܥ ൌ ௛ܥ ת ௠ܥ ת -௟. This set is nonܥ
linear and non-convex. Even though the objective 
function (1) is separable, due to the voltage and power 
vectors the constraints are not. 
 
Decomposition approach 
 
As a first step to bring the problem into a suitable form 
for decomposition, one fictitious bus is introduced at the 
middle of each line that connects systems which are 
managed by separate agents. In a similar fashion a 
fictitious node may be introduced for each demand or 
generation block. The variables associated with that 
particular bus are duplicated as seen on Fig. 2. Let ࢁ௘ ൌ ሾࡿ௘; ࢁ ௘ሿ be the duplicated variables vector, andࢂ ൌ ሾࡿ; ;ࢂ  ௘ሿ a vector of all control variables. Groupingࢁ
up the corresponding coupling equations yields a set of 
linear constraints ܥ௖ ൌ ሼࢁ௘: ݄௖ሺࢁ௘ሻ ൌ 0ሽ. Furthermore 

the set ܥ has to be suitably modified to take into account 
the additional variables, yielding the new extended set ܥ௘ ൌ ሼࢁ: ݄௘ሺࢁሻ ൑ 0ሽ. The solution of the OPF problem 
should belong in the set ܥ௘ ת  ௘ being aܥ ௖, withܥ
decomposable set with respect to initial system buses and 
individual demand or generation blocks. 
 
The constraints ݄௖ may now be handled using any 
decomposition method [18]. One such possibility is using 
an augmented Lagrangian approach and achieving the 
decomposition using the ADMM method [19] which 
requires setting a single parameter and yields a rather 
simple multiplier update step. First the initial OPF 
problem is reformulated as follows: min௭,௎א஼೐൛ ௣݂ሺࢁሻ ൅ ݃ሺࢠሻ: ࢠ ൌ  ௘ൟ (6)ࢁ

Where ݃ is an indicator function into the set ܥ௖ᇱ ൌሼࢠ: ݄௖ሺࢠሻ ൌ 0ሽ. The augmented Lagrangian is: ࣦఘሺࢁ, ,ࢠ ௘ሻࣅ ൌ ሻࢁሺ݂݋ ൅ ݃ሺࢠሻ ൅ ௘்ࣅ ሺࢁ௘ െ ߩሻ൅ሺࢠ 2⁄ ሻԡࢋࢁ െ ԡଶଶࢠ  (7) 

Then starting from an estimate of ࣅ௘ and ࢠ the following 
steps are repeated until convergence: ࢁ௞ାଵ ൌ argminࢁ ࣦఘሺࢁ, ,௞ࢠ ௞ାଵࢠ ௘௞ሻ (8)ࣅ ൌ argmin௭ ࣦఘ൫ࢁ௞൅1, ,ࢠ ௘௞ାଵࣅ ௘௞൯  (9)ࣅ ൌ ௘௞ࣅ ൅ ௘௞ାଵࢁሺߩ െ  ௞ାଵሻ (10)ࢠ
These equations may be simplified into the following: ࢁ௞ାଵ ൌ argmin௎א஼೐ ൛ ௣݂ሺࢁሻ ൅ ሺࣅ௘௞ሻ்ࢁ௘ ൅ ሺߩ 2⁄ ሻԡࢁ௘ െ ௞ԡଶଶൟࢠ ௞ାଵࢠ (11) ൌ Π஼ሼࢁ௘௞ାଵ െ ௘௞ାଵࣅ ሽ (12)ࢠ ൌ ௘௞ࣅ ൅ ௘௞ାଵࢁሺߩ െ  ௞ାଵሻ (13)ࢠ
Where Π஼  is the Euclidian projection on the set ܥ௖. The 
optimization problem of (11) is decomposable. Equation 
(12) presupposes that the initial estimate for the Lagrange 
multiplier of a fictitious bus or node is selected so that ሺࣅ௘௞ሻ்ࢠ ൌ 0. Equations (11) to (13) are solved locally by 
each agent but require exchange of information on local 
power and voltage estimates between physically 
connected agents. The only actually exchanged 
information of financial nature is the estimate of marginal 
price (i.e. Lagrange multiplier) at the particular node, 
which might be considered as an advantage of the 
method. 
 
A suitable communications network would be required to 
support this scheme and would affect its speed and 

 
Fig. 2. Fictitious buses and duplication of variables. 
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reliability. The time to convergence is equal to the sum of 
maximum latency and computation time among all agents 
per iteration. Currently there is a large variety of 
communication technologies available but no fully 
fledged standard for smart grids. A review of various 
types of communication networks may be found in [20] 
and some indicative latency numbers in [21]. 
 
Necessary and sufficient conditions for convergence are 
primal and dual feasibility [19]. These may be expected to 
be satisfied if max ௞ԡଶଶݎԡߩ ൑ ߳, which is the criterion 
used in this work. It is adequate that convergence be 
checked only by transmission level agents. Convergence 
information may either be sent by each system agent to 
the central coordinating agent or it may be propagated 
throughout the network at the cost of additional iterations. 
 
Convexity & Problem Formulation 
 
A major issue with the OPF problem is the fact that the 
involved equations are non-convex. An approach in 
convexifying the OPF problem based on semidefinite 
programming (SDP) was presented in [22]. However as 
[23] indicates this relaxation is not always tight. For radial 
networks convexification, either in the form of an SDP 
formulation [24] or a conic relaxation approach [25], is 
tenable with restrictions regarding the objective function. 
For meshed networks, especially when considering a 
variety of additional constraints, convex approximations 
may not be always possible. Still this does not mean that a 
meaningful solution may not be reached, as often the 
duality gap is small, and any issues regarding the non-
convex nature of certain system components might be 
easier to handle within the smaller subproblems. 
 
Indicative Results 
 
The optimization problems solved in this section involve 
a single time period where generating units have already 
been committed. The presented results however, which 
illustrate the method’s convergence properties for a 

variety of cases, have implications for the application of 
the decentralized scheme both in balancing and forward 
markets. The simulations that follow involve a fixed 
penalty factor (set at the same value for all simulations) 
For all test cases the results were compared with 
centralized OPF solutions and were found to be within 
acceptable accuracy. Tests were carried out with both the 
full AC formulation and a non-linear DC approximation 
by neglecting the reactive power equations and setting 
voltages equal to unity. 
 
A Base Working Case 
 
The example presented here is based on the IEEE RTS 24 
bus system. Load blocks and generators are randomly 
split into several smaller blocks. These might be 
considered to be aggregators representing parts of local 
demand and generation. Each bus is represented by an 
agent. At iteration 0 the coordinating agent sends a signal 
to all system agents indicating the start of trading. After 
this moment individual client agents may enter the market 
or adjust their position at will by communicating with 
their corresponding upper level agents. At iteration 500 
the market closes. After this point no new agents are 
allowed to enter the market and participate in the 
optimization process. As may be seen in Fig. 3, in the 
meantime the distributed optimization process works 
continuously. When convergence is detected each system 
agent sends relevant information to the coordinating 
agent. In this example the time (i.e. iteration) in which a 
client enters the market was randomly drawn from a 
uniform distribution. Some iterations after the market 
closure, the optimization gradually converges. The 
number of iterations (time) to market closure was 
arbitrarily selected and is not necessarily indicative of a 
real situation. In forward markets a long time period 
(corresponding to a high number of iterations) may be 
allowed before the market closes, in real time markets this 
time will be more limited. 
 
 

Fig. 3. Convergence process for buses marginal prices. Marked points on the horizontal axis indicate iterations where new clients enter the market. 
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Convergence Considerations 
 
The first set of tests here involves decomposition down to 
individual bus levels with IEEE test systems (24, 57, 118 
and 300 buses). All client agents were assumed to be 
connected from the first iteration. The results may be seen 
in Fig. 4. Overall, system size (i.e. the number of 
cooperating system agents) is an important parameter. 
However the decrease in iterations for the systems of 57 
and 118 buses indicate a high dependence of the 
convergence process on the characteristics of the system 
and of the particular case to be solved. It may also be seen 
that DC and AC OPF have slightly different scaling 
performance. A total of 445 iterations were required for 
the convergence of non-linear DC in the IEEE RTS with 
decomposition to individual bus level. This is 
approximately 8% more than the required number of 
iterations in the full AC case. The tolerance was set to ߳ ൌ 10ିଷ. In a second set of tests the IEEE RTS was split 
into a varying number of areas, each containing a random 
number of buses and managed by a single agent. The 
effect of increased system decomposition on the 
convergence of the algorithm may be seen on Fig. 5. 
 
Convergence issues were further investigated through 
tests on the IEEE RTS system. Tests with different 
demand levels and the same generating unit configuration 
indicated a varying number of iterations to convergence 
of approximately up to 3 times the iterations required for 
the base scenario. Another set of tests involved randomly 
selected cases with outages of generators or transmission 
lines or their operation at reduced capacity. For cases 
where load curtailment was required it was assumed that 
the corresponding cost is about 10 times the marginal cost 
of the peak load case. In general the number of required 
iterations for all cases without significant marginal prices 
deviations was near that of the base case. In cases where, 
due to system peculiarities, there were large price 
deviations, or load curtailments were required 
convergence was slow (൐ 3 · 10ଷ iterations). Further tests 
however indicated that convergence in these cases was 
significantly improved (൏ 2 · 10ଷ iterations) by an 
increased penalty factor value at the later stages of the 
simulation. 
 
Aggregation Considerations 
 
This example investigates how convergence is affected by 
an increase in the number of participating client agents in 
the network. Demand blocks in the IEEE RTS system 
were divided randomly in several smaller ones. The effect 
on the number of iterations assuming the decomposition is 
carried out at a single go (i.e. all subproblems solved in 

parallel) may be seen on Fig. 6. The increased number of 
iterations is due to the fact that as the algorithm 
progresses to convergence the primal residuals are 
significantly reduced. For a client agent managing a very 
small nominal power this implies small Lagrangian 
multiplier updates, and as a result a higher number of 
iterations. The existence of suitably designed aggregators 
could offer a significant improvement in convergence. 
 
Conclusions 
 
A general framework that could enable decentralized 
trading has been presented and the relevant basic 

Fig. 4. Effect of system size on the number of iterations to convergence 
(normalized by the number of iterations required for the base IEEE RTS 
case). 

Fig. 5. Iterations to convergence (normalized by the number of iterations 
required for the single system agent case) as a function of the number of 
areas / system agents. 

Fig. 6. Effect of an increased number of clients (normalized by the 
number of clients in the base case) on the number of iterations to 
convergence (normalized by the number of iterations required for the base 
case). 
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challenges and issues have been outlined. Particular 
emphasis was placed on the decomposition of the relevant 
optimization problem on the transmission level. It has 
been shown through simulations that convergence speed 
is highly dependent not only on the number of 
participating agents in the market, but also on the 
particular case to be solved. The presented decentralized 
approach can be potentially applicable to suitably 
partitioned systems. Future work in this area involves 
investigating the coordination between higher and lower 
level agents, incorporating ancillary services markets into 
the optimization process and improving the convergence 
properties of the method itself. The level of abstraction in 
the system representation is also a question of particular 
importance. 
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