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Treatment of external costs in MARKAL model 

External costs are implemented in the model by multiplying the amount of electric power generated (i.e., kWh) from each power plant during each time period each region with corresponding external cost. This ensures that the matching external costs are directly charged to every unit of output from each power plant. With the aim of the model to minimize the total energy system cost, this extra cost thus invokes different response options in the energy system. The model thus solves various heuristics such as whether to pay or not an extra charge on power production from a technology; whether to install or not a system with NOx removal, SOx removal, or CO2-capture & sequestration; whether to reduce or not electricity consumption in different demand sectors and to substitute the electricity by other fuels etc.
Results
The power generation in the Baseline scenario is primarily coal driven with different types of coal power plants contributing 61 per cent to the total power generation at the end of 2050. Super critical technology slowly makes its way from year 2010 onwards and finally captures a share of 22 per cent in the terminal year 2050. We also see that from the year 2030, the conventional coal plants are replaced by advanced coal like integrated coal gasification combined cycle (IGCC) taking a share of 12.4 per cent in the year 2050. The other competitive system in 2050 is the CCGT, which contributes more than 24 per cent of total power production. Approximately 15 per cent of the electric power is supplied by the nuclear and renewable energy sources in the year 2050 as shown in figure below. 

[image: image2]
We observe that after the internalization of external costs into baseline cost, the structure of the power generation mix has altered considerably as shown in the below figure. In this scenario, the overall power generation gets reduced by 13 per cent (in absolute terms 780 TWh) in the year 2050 as compared to the baseline scenario. In the externality scenario, although coal remains the major contributor to total power production, however, its share is reduced from 61 per cent in baseline scenario to 44 per cent in externality scenario in the year 2050. The conventional pulverized coal combustion is also steadily being supplemented by advanced coal plants and pulverized coal systems with SO2 and NOx emissions control, i.e., flue gas desulphurization- FGD, low-NOx burners, etc. 
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Some of the advanced coal technologies like IGCC plus CCS also make its way along with only IGCC power plant technologies. Combined together these two contributes 15 per cent of generation in the externality scenario as compared to nil in the baseline scenario. Share of renewables including hydro and biomass also gets increased in the externality scenario. 
Environmental Emissions 

With the introduction of external cost into the total production cost of electricity, emission gets reduced quite considerably over the base line as shown in the below figure. Within the period, the emission reduction of CO2, SO2, and NOx happens because of the premature retirement of coal plants without SO2/NOx control. Although the dominance of technologies based on fossil fuels continues, however, different developments can be observed in CO2 emissions and local pollutants. With the penetration of CO2 removal technologies, total CO2 emissions are reduced by 12 per cent in the externality scenario, as compared to the Baseline. Substantial reduction in SO2 and NOx emissions relative to the Baseline scenario is also observed during the period. This suggests that ancillary benefits are also derived from policies that directly address other environmental issues than CO2 mitigation. Emissions of local air pollutants (SO2/ NOx) are substantial with replacement of conventional coal plants with the desulphurization systems together with advanced coal and IGCC plus CCS.
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