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(1) Overview
There is a wide range of technological options to reduce CO2 emissions of passenger cars; e.g., improvements of fuel economy of internal combustion engines (ICE), hybrid electric vehicle (HEV), fuel cell vehicle (FCV), electric vehicle (EV), and bioethanol.  Among them, we focused on plug-in hybrid electric vehicle (PHEV) because PHEV is expected to be deployed commercially in near future. Besides, PHEV is compatible with bioethanol and also can make a bridge to either FCV or EV in future.

PHEV is a kind of HEV with increased capacity of battery which can be charged by electric grid; the battery of current HEV is charged only by the engine on board.  PHEV is assumed to have several tens km of all-electric driving range depending on the capacity of the battery on board.  PHEV has advantage over EV in saving the capacity of expensive battery while keeping driving range long; PHEV does not require a new infrastructure for fueling while FCV needs hydrogen fueling system; PHEV can reduce other air pollutions as well as CO2.
(2) Methods

We have done economic analyses for the comparisons between PHEV and ICE cars as well as between HEV and ICE cars. By combining the breakeven analyses with future battery costs, we can estimate the timing of market introduction of PHEV.
Battery of PHEV is charged at home while PHEV is parking.  We assumed the battery is charged daily to the level of full capacity at the rate of 700W with 10% energy loss. As to the timing of charging, we considered night charge: charging at night time (from 23:00 to 7:00) when electricity cost is low.

Using a mathematical model to obtain optimal generation mix for 2005 - 2050, we calculated the two cases: 1) reference case: optimal generation mix not considering the electricity load for PHEV; 2) PHEV case: optimal generation mix with taking into account the additional electricity load for charging batteries of the PHEV which is introduced to car stock according to the market share. Then, we calculated the difference between the two cases in CO2 emissions from electricity generation.
(3) Results

As shown in Fig.1, while HEV maintains its share only for 2005 - 2025, PHEV enters market in 2010 and rapidly increases its share to reach around 80% in 2030.  The remaining 20% is taken by ICE cars because some cars with very short drive lengths cannot offset the higher capital cost of PHEV by the lower fuel costs even when the unit price of battery is reduced to 5 thousand yen/kWh.  EV might take this remaining share because the capital cost of EV with this very low cost of battery could be cheaper than that of PHEV, while EV is not included in our analysis. 
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Fig. 1: Forecast of Market Shares of PHEV, HEV, and ICE Cars in Car Stock in Japan
Increased electricity demands caused by the introduction of PHEV is supplied by fossil power generations, thus, to lead to the increases in CO2 emissions associated with these power generation because nuclear power, which is used at the constrained maximum capacity in reference case, has no flexibility to increase its electricity generation in PHEV case.

 The increment of CO2 emissions by around 2030 is caused mainly by the increment of coal power generation with relatively larger CO2 emission rate, and the increment of CO2 emission in the latter part of the time horizon is caused mainly by the increase in LNG combined cycle power generation.  The increment of CO2 emission for the electricity charged to batteries of PHEV is around 2.5 million t-C per year in 2050. On the other hand, the direct CO2 emission from the combustion of gasoline is reduced to around 30% level of that in 2005 for 2030-2050. The total CO2 emission associated with electricity generation for charging batteries of PHEV is substantially reduced by 15.5 million t-C/yr due to the introduction of PHEV in Japan.
(4) Conclusions

The results obtained in this study are as follows. (1) While HEV maintains its share only for 2005 - 2025, PHEV enters market in 2010 and rapidly increases its share to reach around 80% in 2030.  The remaining 20% is taken by ICE cars because some cars with very short drive lengths cannot offset the higher capital cost of PHEV. (2) Increased electricity demands caused by the introduction of PHEV is supplied by fossil power generations, thus, to lead to the increases in CO2 emissions associated with these power generation in Japan. (3) However, the direct CO2 emission from the combustion of gasoline is reduced to around 30% level of that in 2005 for 2030-2050. The total CO2 emission obtained by adding the direct CO2 emissions by gasoline combustion to the indirect CO2 emissions associated with electricity generation for charging batteries of PHEV is substantially reduced by 15.5 million t-C/yr due to the introduction of PHEV in Japan.  
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