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Overview
The climate and energy policy targets force countries globally to develop their renewable electricity (RES-E) promoting policies. Although there are other RES-E production methods such as wind turbines, biomass based electricity is in key position in renewable energy policy in many countries during the next decades (e.g. the Nordic countries). The efficient technology for biomass-based power generation is, however, immature and under development. Also, the private operators neglect the possible positive externalities of RES-E production. For these reasons, support is needed for biomass combustion in various countries. The co-firing of biomass with fossil fuels is an attractive and cost-efficient near-term option to increase the biomass use in electricity production. The yearly RES-E production potential from co-firing biomass with coal is 50-90 TWh in EU27 (Hansson et al. 2009). Hence, the effects of promoting policies have to be considered and studied also in the case of co-firing. The biomass combustion in co-firing has been treated differently in the existing renewable electricity promoting schemes: some include it (e.g. The Netherlands) and others don't (e.g. Germany). The case against subsidizing biomass in co-firing is based on increased profitability of existing fossil power plants.
The objective of this study is to find out what impact does the decision of including biomass use in co-firing into RES-E policy scheme has on the renewable electricity (RES-E) policy prices, CO2 emissions, fuel uses and investment decisions. We are studying two renewable electricity promoting policies: feed-in tariff and renewable subsidy, both together with CO2 emission price. We present an electricity and heat market model, where all the solid fossil fuel power plants are able to co-fire biomass and fossil fuel. In the numerical application, we use the model to calculate the differences caused by the policy decisions and instruments.

Kangas et al. (2009) have analyzed the effects of RES-E policies on the fuel mix choice and operation decision of a co-firing power plant, when electricity market is exogenously competitive. However, all the previous market level studies lacked the endogenous fuel-mix choice of the co-firing energy producers. Therefore, our analysis extents the study by Kangas et al. (2009) to a more complete characterization of the power markets. Our study also follows the modelling style of Fisher and Newell (2008) by applying their 2-period approach and exogenous hydro and nuclear power production. Therefore, the production of the studied plants satisfies the residual demand that is left over from hydro and nuclear power.
Methods
In the model, the supply of electricity and heat is the combined supply of co-firing, single fuel and renewable power plants. The aggregated supply faces the demand of electricity and heat in the markets. For simplicity, we have two time-periods in our model. Both time periods are divided into four sub-periods, which can be interpreted as four different demand situations: peak, high, normal and low demand. The market is cleared, i.e. the supply and demand are balanced within every sub-period. The renewable electricity plants are wind turbines in our model, i.e. solar power, geothermal power etc. are excluded from this analysis. We work on an individual plant level, but single-fuel technologies are aggregated. 
The co-firing power plants can co-combust fossil and renewable fuels and we enable co-firing for all the solid fuel combined heat and power (CHP) or electricity producing power plants. The power plant chooses profit maximizing combusted fuel mix and the optimal level of investments on new capacity. The investments that are decided in the first period increase the production capacity in the second period. With parameter restriction this general model can cover all the solid fuel technologies covered in this study.
The single fuel power plants include fossil-fueled power plants that combust oil or natural gas and cannot co-fire biomass. These single fuel plants can produce either electricity or CHP. The single fuel combusting power plants are aggregated through their efficiency coefficients. We assume that these plants are operated in their merit order, i.e., utilization order goes from most efficient to the least efficient. Power generated by wind turbines doesn't need optimal control, because they produce electricity based on their capacity and wind-conditions. However, the investments on new capacity are optimized.

We are examining three different policy instruments: emission price, renewable subsidy and feed-in tariff (FIT), of which emission price is a climate policy instrument and renewable subsidy and feed-in tariff are RES-E policy instruments. To make the calculations easily comparable, we are using a RES-E requirement that is equal in all the calculations. Therefore, the levels of renewable subsidy and feed-in tariff are endogenously determined in the model. The emission price can be interpreted as Piqouvian emission tax or emission permit price and it is paid for every unit of CO2 emissions originated from energy production. The renewable subsidy is paid for RES-E production on top of the electricity price, so practically it is either tradable green certificate price or feed-in premium price. The feed-in tariff is a price that is paid for RES-E production instead of the electricity price. If the market price of electricity exceeds the FIT price, then the FIT price equals with the electricity price.
Results
We study two policy implementation strategies: one in which co-firing power plants are not subsidized for using biomass and second where they are. Both strategies are analyzed for two RES-E promoting policies, namely feed-in tariffs and renewable subsidies. The structure of the studied energy markets follows loosely that of Finland.
The study shows that policy implementation strategies differ in needed weighting of emission price and RES-E subsidy. When RES-E target is fixed, the subsidy for biomass in co-firing increases the share of RES-E that is generated by biomass. To equalize the CO2 emissions of the two policy implementation strategies, one needs to set a higher emission price when co-firing is subsidized. In our model, the emission price increase is about 10 €/tCO2. When the RES-E policy is FIT, the emission price increase needs to be a bit higher than with renewable subsidy. However, both RES-E subsidies are notably higher when co-firing is not subsidized.
When biomass combustion in co-firing is not subsidized, biomass use follows emission credit price. That is caused by the fact that when biomass combustion is not included in RES-E policy scheme, the only incentive to increase biomass use in co-firing is emission price. With a fixed emission price and increasing RES-E requirement, this leads to decreasing biomass use. On the contrary, when the biomass use in co-firing is subsidized, biomass use is closely linked to the RES-E policy price. When RES-E requirement increases and emission price is fixed, the biomass use increases in this case.

One important difference between the RES-E policies is that FIT may be complementary with the emission price, while renewable subsidy is always a substitute to the emission price. The complementarity occurs when co-firing of biomass is subsidized. The increasing FIT is needed to compensate the decreasing relative competitiveness of biomass co-firing. This is related to the lack of electricity price pass-through for biomass when FIT is implemented.  
Conclusions

The problem of co-firing power plant is not a widely studied subject, although it is an important renewable electricity production technique. Our analysis gives policy relevant outlook for the promotion of biomass combustion in co-firing power plants. Our study shows that the same environmental results can be achieved with both policy instruments whether co-firing is subsidized or not. However, the weighting between emission prices and policy subsidies differ notably.
The analysis shows that the choice whether the biomass use in co-firing is subsidized or not has many consequences. When both decisions yield the same RES-E requirements and CO2 emission reductions, FIT and renewable subsidy are more expensive when co-firing is not subsidized and emission price is more expensive when co-firing is subsidized.
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