Transmission Network Expansion Planning (NEP)
NEP is one of the main strategic decisions in power systems and has a deep, long-lasting impact on the operations of the system. Relatively recent
developments in power systems, such as renewable integration or regional planning, have increased the complexity and relevance of this problem
considerably. Market integration is the current paradigm to achieve a competitive, sustainable and reliable electric system and the network is a facilitator in
this process. This is particularly true in the case of the EU. The design of large-scale network expansions poses considerable challenges that have been
addressed in a vast array of both projects and academic literature. Existing thorough academic reviews on this topic can be found in references [11, 12,
13]. These works are a very good starting point to understand the state of the art of the network expansion planning challenges and current approaches.
Among the current challenges to be addressed for the network expansion planning we can mention the following ones:
Its coordination with GEP, as discussed previously. On the one hand, GEP is a deregulated business activity while NEP is mostly regulated. On
the other hand, generation investments can take around three years, while network expansion need to be anticipated longer periods.
Renewable integration is one of the major drivers for investing in new transmission lines. Onshore and offshore wind power, and solar generation
are renewable technologies currently being developed at large scale to meet the low-carbon electricity generation targets. A large part of this
generation is located in remote areas far from the load centers requiring transmission reinforcements or new connections. Besides, the
intermittent nature of these renewables introduces operational challenges and, from the network planning point of view, many varied operation
situations should be considered.
Market integration is the current paradigm to achieve a competitive, sustainable and reliable electric system and the network is a facilitator in this
process. The creation of an European internal market with strong enough interconnection capacity among the member states increases the scope
of the planning process, from a national activity to a European scale.
Different mathematical optimization techniques are used for solving the network expansion planning. They can be classified as: classical and non-classical
(metaheuristic) methods see references [12, 13].
Classical methods include linear, nonlinear and mixed integer programming methods. Linear optimization ignores the discrete nature of the
investment decisions but still it can be useful is system is too large to be solved with discrete variables or a relaxed solution is good enough. A
transportation or a direct-current (DC) load flow fit in this linear formulation. Nonlinear, in particular quadratic, models appear as a way to
represent transmission losses. Finally, mixed integer optimization allows considering the integer nature of the decisions. If stochasticity in some
parameters is included then models become stochastic and, therefore, decomposition techniques should be used for large-scale systems. Among
them, Benders decomposition, Lagrangean relaxation or column generation are frequently used see also the references listed in the section DNEP.
Non-classical metaheuristic methods include Greedy Randomized Adaptive Search Procedure (GRASP), tabu search, genetic algorithms,
simulated annealing, swarm intelligence, ant colony optimization, differential evolution, ordinal optimization, etc.
Network expansion planning is per se a multicriteria decision problem although frequently a single objective function is used by combining and monetizing
the multiple criteria under a single one with the weighted-sum method. The main criteria are usually: costs, environmental impact, market integration and
other exogenous factors. Costs are measured by the attributes such as investment and operation costs of the transmission decisions but also operation
costs of the system. In the cost criterion, it can also be introduced the reliability impact. Environmental impact is determined by attributes as amount of
renewable integration or curtailment avoided at system level and impact of the line construction. Market integration is accounted as number of hours of
market splitting. Social acceptance is an exogenous criterion and, nowadays, is a major concern of the current planning process and being the cause of
many delays.

Model
A wide variety of models and the corresponding mathematical optimization techniques are used in solving the network expansion planning. Initially, models
can be classified as either linear, non-linear, mixed integer linear (MILP), or non-linear (MINLP). Linear models, often based on transportation or directcurrent (DC) load-flow, ignore the discrete nature of the investment decisions, but can be useful as an approximation. Nonlinear models, often quadratic,
represent transmission losses, but still usually ignore the discrete nature of the investment decisions. MILP approaches allow for the integer nature of the
investment decisions to be considered, but are restricted to an approximation of the non-linearity, either using piece-wise linearisations, or linearisations
including the DC and transportation load-flow. If stochasticity in some of the parameters is considered, then models may become stochastic challenging to
solve already, and decomposition techniques are often used for large-scale instances. Finally, one may consider the the full MINLP model: there, both the
discrete and non-linear features of the problem are modelled faithfully, but the problem is challenging.
Further, one may consider a wide variety of objectives, although a single objective function is often obtaiend by combining the multiple criteria into one, e.
g., by considering the monetary costs associated with each criterion, and minimising the total monetary costs across all criteria. The main criteria are
usually: investment costs, costs of operations (OPEX), reliability issues, environmental impact, market integration factors, and rarely, other factors. While
investment costs are often relatively straightforward to estimate, the operational expenses associated may be harder to estimate, especially considering
the long planning horizon often considered. Similarly, the impact on reliability is often modelleded only very approximately. Environmental impact is often
evaluated in terms of the amounts of renewable integration made possible, or curtailment avoided at system level, in response to the line construction.
Market integration is accounted as number of hours of market splitting. When the monetary costs of such approaches cannot be approximated,
metaheuristic approaches may provide a sample of the feasible solutions, without any guarantees of their distance to optimality.
Considerig GEP is a deregulated business activity, while NEP is mostly regulated at both national and super-national levels, one may also introduce
market considerations explicitly. For example, one may consider an equilibrium in a pool-based market at one level, possibly including spot prices, and the
transmission and generation expansion at another level. Such bi-level and multi-level models have been attempted, but often increase the complexity to a
point, where real-life applicability is limited, considering the extent of many markets. In particular: Many super-national markets area already in
operations. The eventual creation of an European internal market with strong-enough interconnection capacity among the member states, for instance,
increases the scope and complexity of the planning process.
Further, one may attempt to solve a problem combining the expansion of transmission (NEP) with the expansion of generation (GEP). Clearly, generation
expansion hence clearly has bearing upon network expansion, and vice versa. In particular, renewable integration is one of the major drivers for investing
in new transmission lines. Onshore and offshore wind power, and solar generation are renewable technologies currently being developed at large scale to
meet the low-carbon electricity generation targets. A large part of this generation is located in remote areas far from the load centres, and hence requires
transmission reinforcements or new connections. Besides, the intermittent nature of these renewables introduces operational challenges and, from the
network planning point of view, many varied operation situations should be considered. In such integrated problems, the size of the instances grows. See
an independent entry.

Methods
Within linear models, such as transportation or direct-current (DC) load-flow, general-purpose linear programming optimisation software is often used,
based either on simplex or interior-point (barrier) methods. Often, it turns out to be challenging to devise a problem-specific method, whose performance
improves upon the general-purpose methods. Still, in case of particularly large-scale instances, problem-specific decompositions such as column
generation are used.
Within nonlinear models, often quadratic, a wide variety of methods is used, considering the limitations of the general-purpose non-linear programming
optimisation software. Since 1990, interior-point method have been most popular. First-order methods, including gradient and coordinate descent, and their
stochastic variants, had been used prior to this and also very recently, inspired by their resurgence within machine learning.
Within MILP models, there has been much recent progress in general-purpose optimisation software based on branch-and-bound-and-cut. Often, modest
instances considering either piece-wise linearisations or uncertainty, can be solved exactly using the general-purpose software. Decompositions, such as
Benders decomposition, Lagrangian relaxation or column generation are frequently used.
Within MINLP models, the methods are an active area of research, considering the limitations of the general-purpose non-linear programming optimisation
software. [8] surveys three convergent approaches, based on piece-wise linearisation of certain higher-dimensional surfaces, based on the method of
moments, and based on combining lifting and branching. The preliminary conclusion is that the combining lifting and branching may be the most promising.
We refer to [2,3,4,7,11,12,13] for detailed surveys. See [14] for an illustration of the impact of security of transmission constraints, [8] for an example of the
impact of the choice of model (AC vs. PWL vs. DC), [17] for an example of the impact of the uncertainty. Within multi-stage approaches, there are very welldeveloped decompositions [1], and for a pro-active Transmission Expansion Planning model by considering related Gencos generation capacity expansion
planning.

Software
Within two-stage approaches, there is a long tradition of work on decomposition methods [2,9], although even a monolithic scenario expansion may be
tractable [6,15,6], when AC and security of transmission constraints are ignored and the model of the network [15] is sufficiently coarse. The incorporation
of market considerations [10,11] complicates matters considerably.
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