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Overview
A variety of feed-in tariff schemes, including net metering, have been used for encouraging investment in power generation from renewable energy sources. However, such schemes may have some drawbacks in terms of, say, an installation site and the social burden (Antonelli and Desideri, 2014). The purpose of the study is to propose a new scheme of rewarding households for the electricity they generate with photovoltaics (PV) and feed into the grid after feed-in tariffs terminate achieving an intended amount of investment.

There are at least two probable disadvantages to the current feed-in tariff schemes. First, they may distort a market mechanism by incentivizing the adoption of PV. Second, although PV power generation is sparsely distributed, a price for PV electricity is generally set uniformly across the country like the system of conventional power generation.

The following are the remedies we will provide for those problems. First, demand should play a key role since the supply of PV electricity is difficult to control; for example, if demands are smaller than supplies, the excess supply would be of little value. The payments for PV electricity should be accordingly determined after trade. Second, the payments for PV electricity should be set locally. Changes in the supply are mainly caused by solar irradiation, which is deeply linked with the location of PV installation.

To put those remedies into practice, we consider a set of households residing in a locality and investigate how to define the worth of the PV electricity fed into the grid during a certain period of time and then allocate it to the households.

Methods
We apply coalitional game theory, where a coalitional game consists of a set of players and worth of every nonempty subset, called a coalition, of the players (Osborne and Rubinstein, 1994). We define a set of players as all households residing in a locality, the extent of which is not addressed for now in the study. Considering a certain period of time, every household can be either a net exporter of PV electricity to the grid or a net importer of electricity from the grid.

Next, we define the worth of a coalition as the sum of net exports over all the net exporters of the coalition or the sum of net imports over all the net importers of the coalition, whichever is the smaller (Fig. 1).
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Fig. 1 The worth of a coalition. Consider a set of eleven housholds and let  and  be the exports and the imports of net exporter i and net importer j, respecitvely. If , the worth of coalition S is ; otherwise, it is .

We then calculate the core, which is one of the solution concepts for coalitional games: the core is the set of payoff profiles such that for every coalition the sum of the payoffs allocated to its members is greater than or equal to the worth of the coalition; the sum of all the payoffs, in particular, is exactly equal to the worth of the grand coalition formed by all of the households (Osborne and Rubinstein, 1994).

It is assumed that every net exporter has a reservation price of 0 and every net importer has a reservation price of 1. This means that every net exporter willingly feeds the surplus PV electricity into the grid as long as the price is not lower than 0 and every net importer willingly purchases electricity from the grid as long as the price is not higher than 1. Thus the standard electricity rate may be considered as 1 in our model.

Results
Suppose that the total net exports were less than the total net imports. We propose a special payoff profile in the core as a remuneration: the payoff to a net exporter equals her net exports, while the payoff to a net importer is zero. That implies that the PV electricity is priced at 1, although the “price” is determined after the trade. The opposite case may be similarly set out.

The payoff profile proposed is connected with a competitive equilibrium in some way (Osborne and Rubinstein, 1994). Consider an economy where every agent has an initial endowment of either resource 1 or 2. Assume that both of the resources are required as inputs for production; the output equals the smaller of the two for every agent, who trades the resources on a market to maximize profit. Then the equilibrium price corresponds with the “price” we set just above.

Our scheme may be considered an extended version of net metering to a set of households. Under net metering it matters whether an individual household was a net exporter of PV electricity or a net importer of electricity for a certain period of time. In other words, the profitability is independently determined on the basis of a single household. The present scheme, on the other hand, looks at the difference between the total net exports and the total net imports over a set of households (Fig. 2). Thus the profitability is collectively determined depending on the situation of the set.
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Fig. 2 The comparison with net metering. Under a typical net metering scheme the price of 1 is applied to net exports  and net imports . Under the present scheme, if , the price of 1 is applied; otherwise, the price is set at zero.

Conclusions
We proposed a scheme under which households are remunerated for the supply of the PV electricity. The scheme, which can be considered as an extended version of net metering, will overcome the shotcomings of current feed-in tariff schemes since it is closely related to a competitive equilibrium and that the location of PV installation is taken into account.

Numerous studies have been concerned with a demand response to an electricity price change. On the other hand, the present study applies coalitional game theory, the core in particular, to the assessment and allocation of the worth of the PV electricity fed into the grid. It might thus give new insights into the pricing for the renewables-based electricity.

The scheme presented is so simple that it might be put into practice. However, before that, it is necessary to solve the problem of determining the extent of a set of households the scheme is applied to. This is one of the next research topics.
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