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Overview

The interest in applying spatial pricing to electricity markets has been growing the last decades in many countries. Modelling transmission network in system of spatially connecting electricity generation and consumption requires two additional types of considerations; the loss of electric energy due to resistance in lines, and thermal constraints on the capacities of lines to carry volumes of energy that can lead to  congestion  in parts of the system.
Nodal, or locational marginal cost pricing, reflecting short-run marginal costs can be shown to be optimal from a welfare-maximising point of view  (Schweppe et al 1988). 
It is often the case that hydropower generation is located far from consumption centres and thus to manage transmission losses and line capacities are important for efficient utilisation of the system. The purpose of the paper is to investigate some special features of a hydropower system when introducing optimal prices of  transmission and congestion. In an electrical system with transmission and congestion marginal costs may vary continuously with time as demand and supply changes. However, to model continuous time is not practical. The discrete time periods used in applied modelling may vary from 5 minutes to  15 minutes and to one hour. Hydropower can be turned  on and off in a few seconds and may therefore be the most suitable generating technology for applying nodal or spatial pricing. The optimal pricing structure of a hydropower system is time-dependent, and a question is how the time profiles of utilising reservoirs and utilisation of generators will change when considering transmission and congestion costs, both in the short run of daily demand cycles and in the long run of seasonal differences in demand due to systematic temperature changes. 
The use of nodes, connected by transmission, as the location of generation and consumption may in theory imply that each household or business represent a node. However, in practical modelling the number of nodes is drastically restricted, and often consumers and generators within the same distribution utility will be regarded as one consumption node. Thus, nodal pricing concerns deliveries to and draing on electricity flowing in the central high-voltage transmission net and not in the distribution networks.The number of nodes vary from 13 in Green (2008) measuring the welfare gain of introducing nodal pricing in England and Wales, to 165 nodes in Stigler and Todem (2005) studying Austria, and with  over 2,000 nodes and over 3,000 lines in Leuthold et  al (2012), that is one of the largest models developed to date, studying the European electricity market. 
The theoretical model developed in the paper is based on Førsund (2015) and in line with the economics literature on nodal pricing, due to simplicity, based on a DC model, leaving out loop flow effects and voltage security connected to reactive power that must be modelled using a AC model. Loss can be expressed explicitly by Ohm’s law  in a DC system. In order to capture loss and congestion the feature  of an electric system that “everything depends on everything” lines are identified, but not the connection of lines to nodes. 
Methods

The theoretical perspective is based on the optimal solution to a social planner’s  problem of maximising consumer plus producers surpluses given the most important technical constraints on the system such as constraints on reservoir capacities, generating capacities and transmission line capacities. Inflows in each period are assumed exogenous and uncertainty is not introduced. Theoretical dynamic nonlinear programming models are set up and  the present value of consumer plus producer surplus is maximised, and the solutions assumed unique are used to derive optimal prices.
Results

In the most simple model of two nodes, one production node and one consumption node, and two time periods, optimal water value, consumer prices, marginal cost of loss and congestion, are derived. The difference between water value is made up of additive marginal transmission and congestion costs. The general model of many nodes of both types and many time periods give similar types of general qualitative results as the most simple model but adds information as to the tie profile of utilising reservoirs.
Conclusions

The nodal pricing scheme has the possibility of reflecting all relevant marginal costs and thus resulting in the highest welfare being realised. However, as to policy implications theoretical nodal pricing has some obvious practical difficulties being fully implemented as to the dimension of time and level of aggregation of nodes. Complete information based on the AC model that is available in the theoretical model may practical reality be too costly to gather and too costly for producers and consumers to react to. Running a hydro-based system has the extra difficulty of combining the optimal use of reservoirs  subject to capacity constraints and variable inflow with continuously shifting losses and line constraints. 
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