Stand-alone vs. grid extension for electrification in Kenya -Development of a spatial explicit energy system model
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Overview

The achievement of the United Nations Millennium Development goals is strongly connected with access to electricity. The rate of electrification in Kenya is below the average in Sub-Saharan Africa. Expressed as a percentage, 14% of Kenyan inhabitants are connected to the grid. About 42% of the population has access to electricity in urban areas compared to only 4% in rural areas. A large majority of the population still relies on firewood for cooking and paraffin for lighting. Incentives to invest in rural areas are low due to high connection costs, low electricity consumption and low income. There are two options for electrification which feature very different characteristics in terms of costs, reliability, flexibility and quality depending on the regional situation: Electrification through grid extension or stand alone systems. In order to enable affordability of electricity it is essential to choose the least cost option to cover demand. There has been little focus on combining demand and supply side in one model and to apply it to countries with a low electrification rate. In this paper electricity consumption patterns in Kenyan households are analyzed and a Tobit regression model is estimated. The regression model explains the monthly electricity demand by non-food expenditures, expenditures on water, number of years of education of the household head and the value of the house. The regression model is then used to forecast latent electricity demand which serves as an input parameter for the supply-side least cost optimization model: By undertaking a spatially explicit assessment of the energy system, three different electrification options: grid extension, diesel generator and photovoltaic stand-alone systems are assessed.
Methods
For the analysis of the current pattern of energy demand, data from the Kenyan Integrated Household Budget Survey (KIHBS) was used. In the sampling, 13,340 households were randomly selected. Data was collected in 2005 and 2006 by the Kenyan Bureau of Statistics. One of the 21 modules of the questionnaire was designed to give information on the energy use of a household. For the analysis the households were divided into rural and poor expenditure quintiles.  

For the demand side model the latent demand of electricity had to be estimated as many households simply cannot access electricity due to non-availability of the services. Latent demand represents the demand if there was no constraint on the access. Because our data are censored from the left side of energy demand distribution, a Tobit or censored regression model was used (Tobin, 1958). Based on economic theory and previous studies, electricity demand was explained by the following variables: non-food expenditures, expenditures on water, number of years of education of the household head and the value of the house. 

Latent demand serves as an input parameter for the supply-side least cost mixed integer programming model. By undertaking a spatially explicit assessment of the energy system, three different electrification options are assessed as possible solutions to expanding electrification within the country. The three options are electrification through grid extension, diesel generator and photovoltaic stand-alone systems. The supply side is represented with a cost minimization model, minimizing total energy system costs in order to find the least cost electricity solution for every grid cell. Total costs are composed of costs of the electricity distribution grid, costs of the electricity transportation grid, solar panel and diesel generator costs. The model is evaluated under different scenarios: The first scenario is based on the baseline data. The second scenario assumes an increase in the price of electricity. The third one presumes advancements in the photovoltaic technology leading to a higher solar efficiency and solar panel lifetime. The fourth scenario postulates stronger GDP growth resulting in a higher electricity demand. Lastly, an increase and decrease in the diesel price is assumed. For every grid cell and every scenario the least cost option between the three electrification options is found.  
Results

The electrification rate published by the Kenyan government deviates from the Kenyan Integrated Household Budget Survey (KIHBS) According to the KIHBS 2% of the rural and 19.5% of the urban Kenyan population states to have access to electricity. According to the Kenyan government 4% of the rural and 40% of the urban Kenyan have access to electricity. When looking at patterns of differences across households belonging to different expenditure quintile groups, one can see that paraffin is the dominant energy source in all groups. The only exception is the highest quintile in urban areas, where electricity is used predominately. For quintile two to five electricity consumption is below eight kWhs per month and household. It is worth noting that when excluding electrification rates the difference in quantity of electricity consumed between urban and rural households is small. One can observe a strong increase in electricity consumption for quintile one. Furthermore, the divergence in consumption between rural and urban households amounts to 100%. In quintile one urban connected household consume 60 kWhs per month and rural households on average 24 kWhs.  
The Tobit regression model is used to forecast the latent demand. Results show that for urban households the number of connected households increases from 19% to 51% and in rural areas from 2% to 15%. It is important to note that this represents the lower boundary of the latent electricity demand.  

Results of the optimization model show that for most grid cells photovoltaic electricity is the most cost-efficient electrification option followed by grid electricity. Grid extension is mainly an option for grid cells located around the existing grid with a high population density.  Grid cells, for which the PV option is cost-optimal show lower demand and number of households than the overall mean. Differences in solar irradiation do not disfavor or favor the photovoltaic option, as the cells supplied with PV electricity show a lower mean irradiation than the average cell. An increase in the generation costs signifies that for more grid cells a supply with PV electricity becomes the most cost optimal solution. The result of scenario three shows that a higher PV efficiency and life time results in PV being the least cost option for an increasing number of districts. A doubling in electricity demand means that for a significant number of districts, the building of transmission line represents the most cost- efficient solution. The low diesel price scenario results in one more cell being supplied with the diesel option as can be seen in and in the high diesel price scenario all cells which used to be supplied with electricity from diesel generators are instead supplied with photovoltaic electricity.
Conclusions

Different regions require different solutions according to the regional characteristics. For grid cells featuring high demand and high population density grid electrification is the most cost-efficient solution. Under current circumstances for most grid cells, the implementation of stand-alone photovoltaic systems represents the better solution although the competition between stand-alone diesel generators and photovoltaic systems is not sufficiently well modeled due to the low spatial resolution of the model. This is mainly due to low demand, low population density and large distances to the existing grid. The importance of adapting electrification to the features of a region is illustrated. 
The high demand scenario shows that grid infrastructure planning is important when assuming an increase in electricity demand in the future. Another significant outcome of the model is that changes in the electricity prices have an effect on the result. It implies that in order to supply a larger share of the population with grid energy, the diversification of generation capacities, in other words not only relying on hydropower is of utmost importance in order to avoid the outcome of very costly solutions. However, Kenya’s government cannot influence all parameters and requires to react to external developments. For example, an increase in solar PV efficiency, which will be a result of research and development within developed countries, will change the results and planning requirements of the Kenya government.
What may be the most important outcome is that due to a low mean electricity demand and no expected significant demand-increases in the near future, changes in the input parameters such as electricity price or electricity demand do not have as a large effect on the model outcome as expected. This signifies that it is advantageous for most areas to focus on off-grid solutions and only in the long term grid electricity can serve as an affordable solution for the whole country. Today and even in the near future grid electricity is mainly an option for districts with high per household demand and population density. 
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