
Microeconomic Analysis of Rural Electrification 
Alternatives in Developing Countries 

by 
Jessica Courtney 

B.Sc., University of Windsor, 2009 

Research Project Submitted in Partial Fulfillment  

of the Requirements for the Degree of  

Master of Arts 

in the  

Department of Economics 

Faculty of Arts and Social Sciences 

©  Jessica Courtney 2011 

SIMON FRASER UNIVERSITY  
Fall 2011 

All rights reserved.  
However, in accordance with the Copyright Act of Canada, this work may 

be reproduced, without authorization, under the conditions for  
“Fair Dealing.” Therefore, limited reproduction of this work for the 

purposes of private study, research, criticism, review and news reporting 
is likely to be in accordance with the law, particularly if cited appropriately. 



 

ii 

Approval 

Name: Jessica Courtney 
Degree: Master of Arts (Economics) 
Title of Thesis: Microeconomic Analysis of Rural Electrification 

Alternatives in Developing Countries 

Examining Committee:  
Chair: Simon Woodcock, Graduate Chair 

 
Alexander Karaivanov 
Senior Supervisor 
Associate Professor 

 
Steeve Mongrain 
Supervisor 
Associate Professor 

 
Gregory Dow 
Internal Examiner 
Professor 
Department of Economics 

Date Defended/Approved: December 15, 2011 



 

iii 

Partial Copyright Licence 
 

  

 



 

iv 

Dedication 

I would like to dedicate this project to my life’s greatest cheerleader, my mother, Theresa 

Courtney (1957-2007).  You continue to inspire me each and every day. 



 

v 

Acknowledgements 

I would like to thank the staff, faculty, and students of the Economics departments at the 

University of Windsor and Simon Fraser University for providing me with an invigorating 

learning environment.  In particular, I would like to thank Peter Townley for his support, 

encouragement, and guidance over the years. 

I would like to thank Alexander Karaivanov and Steeve Mongrain for offering their 

expertise in supervising this project.  I would also like to thank Greg Dow for his helpful 

comments and suggestions. 

I would like to thank my colleagues at BC Hydro for providing me with research 

inspiration and for showing me the importance of interdisciplinary work. 

Lastly, I would like to thank my friends and family for the comic relief, unconditional 

support, and the occasional sweater. 



 

vi 

Abstract 

According to the United Nations there are currently 1.4 billion people globally who lack 

access to electricity.  In most circumstances connecting these individuals to the existing 

electricity grid is not a feasible option.  New developments in solar technology present 

an alternative to traditional fuel-based generator systems, allowing households a choice 

in servicing their off-grid electricity needs.  In this paper I ask, under what conditions will 

a household adopt a renewable energy technology over a fuel-based alternative?  Upon 

calibrating a model of optimal choice between consumption of energy services and a 

composite good, I find that under current prices and technology conditions, households 

with low income levels (below 1,330 $US and up to 6,570 $US) will choose home solar 

systems as their technology of choice. 

 

Keywords:  Rural development, off-grid electrification, photovoltaic technology 
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1. Introduction 

According to a recent United Nations report there are 1.4 billion people globally 

who lack access to electricity (United Nations Environment Programme, 2011).  In most 

circumstances connecting these individuals to the existing electricity grid is not feasible, 

as it would require massive investments in transmission infrastructure and would place 

impossible demands on already unreliable systems (Kaygusuz, 2011).  Historically, the 

only way to meet this unmet demand was through diesel or gasoline generator systems, 

which require reliable access to fuel markets and leave households vulnerable to large 

price shocks and fluctuations.   

New ideas however are coming to fruition.  Renewable energy technologies have 

successfully been deployed in developing countries to pose as a cost effective 

alternative to technologies that rely on fossil fuels.  For example, a program in 

Bangladesh distributes home solar systems to meet individual household electricity 

demand solely through a market-based approach (see Urmee & Harries, 2011).  

Renewable energy sources are increasingly gaining attention from global institutions and 

NGOs as a means of expanding electricity access to the world’s poorest regions.  In 

addition, these technologies are seen as a way to increase the quality of life and 

economic opportunities in developing countries, as demonstrated by the United Nations 

Rio+20 Conference in Sustainable Development featuring renewable energy as a key 

topic of discussion. 

In economics, efficiency is often achieved through the existence of choice.  Given 

a set of feasible alternatives consumers will make a decision that maximizes their 

welfare.  If households have a choice between purchasing a capital-based technology 

(such as a home solar system) versus a fuel-based technology (such as a diesel 

generator), what factors affect their decision?  What makes this problem particularly 

interesting is that households decide jointly how much to produce and consume given 

the costs and characteristics of the technology options.  In this paper I will develop a 
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static, reduced-form model that outlines the decision of a household to adopt a capital-

based technology over a fuel-based technology to serve their electricity needs.  
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2. Background 

While large-scale investments in renewable energy are currently transforming the 

energy mix of many industrialized countries, the need for new power capacity is 

strongest in the developing world.  Thankfully with the natural resource endowments of 

strong solar radiation and wind power in most developing countries, there is great 

potential for these technologies to service off-grid areas and provide a viable alternative 

to fossil fuel based generation.  A recently published report reveals that diverse small-

scale renewable energy applications, ranging from rice-husk power generation to solar 

telecommunications towers, are becoming the preferred choice for serving energy needs 

in developing countries (United Nations Environment Programme & Bloomberg New 

Energy Finance, 2011).   

One example of a small-scale application is the introduction of rooftop 

photovoltaic (PV) panels that capture energy from the sun.  Household units usually 

include a battery and charging device and are most commonly used to provide lighting, 

charge cell phones, and power small appliances such as radios and televisions.  In 

countries such as Bangladesh where it is estimated between 60 to 70% of rural 

households lack access to electricity, home solar systems have replaced the need for 

these households to connect to the overburdened electricity grid (Urmee & Harries, 

2011).  By November 2008, it was reported that 256,114 PV systems had been 

successfully installed with households paying the full, unsubsidized cost of the system 

(Urmee & Harries, 2011).  Additionally, a follow up survey with program participants 

found that the program increased income-generating opportunities in rural areas and 

resulted in an increase in quality of life for participating households (Urmee & Harries, 

2011). 

Important considerations to discuss before formalizing a model are (i) the 

characteristics of the production technologies and advantages and disadvantages of 

each alternative, (ii) the relative costs of the technologies, and (iii) the affordability of the 
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technologies to meet demand of low income households.  The following sections 

address these considerations. 

2.1. Advantages and Disadvantages of Alternatives 

There are a number of advantages to solar technology as a means of addressing 

off-grid rural electrification in developing countries.  Erickson and Chapman (1995) offer 

the following extensive list of rationales: 

(a) a large percentage of the population is without electrical service; (b) 
available grid power is often unreliable and inefficient; (c) gasoline 
supplies and prices can be unreliable; (d) a high solar resource exists in 
many developing countries; (e) PVs are a source of decentralized power; 
(f) PVs are economically competitive with other remote power sources; 
(g) PVs are technologically appropriate and reliable; (h) they increase the 
standard of living; (i) they promote environmental benefits and 
convenience. (p. 1130) 

Perhaps the largest advantage of solar technology for use in developing 

countries is the ability for small-scale systems.  Grameen Shakti, a rural based 

renewable energy company in Bangladesh, offers systems as small as 10 Watts (W) 

whereas the smallest diesel generator available on the market has a capacity of 2,000W 

(or 2kW) (Khan & Khan, 2009).  This provides greater flexibility for the household and 

allows incremental capacity to be added as required.  The small capacity size and 

affordability also allows households to replace the use of kerosene for lighting, providing 

a number of health, safety, and efficiency benefits.   

The greatest downside of solar technology is that output levels depend on solar 

radiation, which fluctuates seasonally and according to current weather conditions.  

While energy is stored in batteries and a charge can last over a few days, a small home 

solar system is only capable of providing approximately 5.5 hours of daily use if utilized 

at its full capacity.  Gasoline or diesel generators, on the other hand, provide a reliable 

means of generating electricity without limitations on time or hours of use.  As long as a 

household has access to a reliable fuel market, the amount of electricity generated from 

the system can be scaled up or down according to fuel input.  
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Due to the reliance on fuel, however, the largest disadvantage of traditional 

generators is that they place households vulnerable to risk in the form of fluctuating fuel 

prices, high transportation costs, and gasoline shortages or other political interferences 

(Erickson & Chapman, 1995).  The systems also periodically require maintenance and 

replacement parts, potentially leading to long periods of downtime when mechanics or 

supplies are unavailable (Byrne et al., 1998).   In a survey conducted by Byrne et al. 

(1998), families reported a clear preference for renewable energy systems due to their 

greater reliability and lower risk of loss of service. 

2.2. Cost Comparison 

In recent years solar technology has seen significant cost reductions.  According 

to the United Nations Environment Programme and Bloomberg New Energy Finance 

2011 report, “the price of photovoltaic modules per MW has fallen by 60% since the 

summer of 2008, putting solar power for the first time on a competitive footing with the 

retail price of electricity in a number of sunny countries” (p. 12).  A number of studies 

published in the energy policy and economic development literature reflect this trend, 

assessing the levelized cost (defined in Appendix A) of off-grid rural electrification 

through solar technology and diesel or gasoline generators over the past 15 years.  

Erickson and Chapman (1995) first conducted an analysis of off-grid 

electrification alternatives in the context of the Dominican Republic, and on a levelized 

cost basis, concluded that solar technology was at that time too expensive to serve as 

an alternative to diesel generators.  Byrne et al. (1998) completed a similar analysis and 

found that the levelized cost of off-grid, household scale renewable energy systems 

(such as photovoltaic, wind, and hybrid systems) appeared to be cost competitive with 

conventional gasoline generator sets to provide electricity to households in Mongolia.  

More recently, Bhuiyan et al. (2000) and Khan and Khan (2009) studied the comparative 

costs in Bangladesh and concluded that home solar systems are cheaper than generator 

systems to provide households with electricity.  Table 1 presents a summary of these 

findings. 
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Table 1. Cost Effectiveness Summary of Home Solar Systems and Fuel 
Based Generators1 

 Erickson & 
Chapman (1995) 

Byrne et al.  
(1998) 

Khan & Khan  
(2009)2 

Generator Solar Generator Solar Generator Solar 

Capital cost in present value ($) 559.00 820.83 495-785 453-906 271.43 284.323 

Annualized capital costs and 
maintenance costs ($/Year) 

90.97 
49.10 

133.59 
6.68 

87-139 80-160 34.00 
5.94 

39.50 

Annual fuel costs ($/Year) 423.98 N/A ~ 413-446 N/A 21.43 N/A 

Energy production (kWh/Year)  1240 77 660-730 120-240 85 85 

Levelized cost ($/kWh) 0.46 1.82 0.76-0.80 0.67-0.73 0.72 0.46 

Recommended technology choice 
on a levelized cost basis 

Generator Solar  Solar 

 

While the cost of producing photovoltaic panels has decreased over time, there 

has also been a significant increase in the unit cost of fuel since Erickson and 

Chapman’s 1995 study.  As Table 1 shows, the cost effectiveness of solar technology 

over a generator alternative has improved substantially over the past 15 years.  One 

major flaw of the comparisons above, however, is that the utilization rate of the 

technologies is not determined through an endogenous maximization process.  For 

example, although Erickson and Chapman (1995) report that a much lower levelized 

cost can be achieved with a gasoline generator, this requires a level of production and 

consumption of 1,240 kWh per year, more than double the 575 kWh average 

consumption reported by a sample of households in Bangladesh (of which 95% were 

connected to the existing grid) (Miah et al., 2010).  Khan and Khan (2009) instead 

equate the level of energy production from the solar system and generator to 85 kWh 

 
1 The values in the table have not been converted to the same base year.  For information on 

assumptions and detailed calculations, please refer to the studies cited. 
2 Converted to US dollars using the following exchange rate: 1 US Dollar = 70 Bangladeshi Taka 

(World Bank, 2011). 



 

7 

per year, however this results in a very small utilization rate of the generator that likely 

would not reflect optimal behaviour.  

2.3. Affordability and Market Potential 

Provided that these technologies will be marketed to poor rural areas, the 

question of affordability must be addressed.  Urmee and Harries (2011) surveyed 

households who purchased a home solar system in Bangladesh and found that 70% pay 

between $5-14 per month for the system3; only slightly more than reported monthly 

kerosene costs for households without a home solar system (equal to $5-9 per month for 

the majority of households surveyed).  When the total cost of the system is annualized 

over the lifetime of the technology, the cost represents only 2% of average household 

income.  This figure is in line with monthly payments made by grid-connected 

households in Bangladesh who reported spending 2% of their monthly income on 

electricity (Miah et al., 2010).  

The World Bank (2008) suggests that providing the option of smaller, lower-

power systems with reduced quantity of service but high quality of service increases the 

affordability of solar technology.  Due to the modular nature of the systems, households 

can always increase the capacity of their systems at a later date.  The report provides 

the following example: “Under the Renewable Energy Development Project (REDP) in 

China, where consumers had limited financial capability and lacked access to financing, 

most purchased low-cost 10- and 20-Wp solar home systems (US$80-160) initially and 

larger 45-Wp systems (US$400) after their incomes increased” (World Bank, 2008, p. 

13).  The modular nature of solar technology makes it particularly well equipped for small 

household loads. 

 
3 A 15% down payment is usually required with the remainder of the loan to be paid off in two to 

three years. 
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The low entry cost of obtaining a home solar system is a key feature contributing 

to the success of the systems in the context of developing countries.  Even if the current 

marginal benefit over marginal cost of generating electricity from solar technology is less 

than that achieved from fuel-based generation, the minimum size restriction on 

generators may prevent households from choosing that technology.  In the next section, 

a formal model will be developed to analyze these trade-offs.  
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3. Model 

Assume that households receive utility from the consumption of energy services 

measured in kilowatt-hours (kWh) of electricity and the consumption of a composite 

good with price normalized to 1.  Energy services are not provided in a traditional 

market, requiring households to choose a type of production technology to meet 

household demand.  Let technology 0 represent a fuel based technology, such as a 

gasoline or diesel generator and technology 1 represent a capital based technology, 

such as a home solar system.  Assume a household’s choice of technology is a discrete 

choice, where ! = 0 represents the decision to adopt the fuel based technology and 

! = 1 represents the decision to adopt the capital based technology.  Following these 

assumptions, a reduced-form static model will be derived to determine the factors 

influencing a household’s technology adoption decision.  

3.1. Household Utility Function 

Assume households wish to maximize consumption of energy services ! and 

consumption of the composite good ! according to the following Cobb-Douglas utility 

function: 

 ! !,! = !!!!!!,         

where 0 < ! < 1 represents a preference parameter. 
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3.2. Technology Production Function 

Assume technology 0 requires a fixed, minimum level of capital4 at an annualized 

cost !, and generates electricity according to the level of fuel input !, measured in litres 

per year.  Assume technology 1 does not require fuel for production, generating 

electricity solely based on the level of capital input !, measured by system capacity in 

Watts.  Both technologies exhibit constant returns to scale in production: the fuel based 

technology produces electricity as a linear function of fuel input, while the capital based 

technology produces electricity as a linear function of rated system capacity.  Let !! 

represent fuel input requirements for the generator technology and let !! represent local 

operating conditions for the solar technology.  The production function is summarized in 

the following equation: 

 ! !,!, ! = !"!! + (1 − !)!!!.  

3.3. Household Budget Constraint 

Assume the household’s total annual income is exogenous and fixed at amount 

!.  Households allocate this income between capital, fuel, and the composite good.  

Assuming the existence of credit markets and perfect information regarding future 

prices, the budget constraint can be represented by the following equation: 

 ! = !"# + (1 − !)(! + !") + !,      

where ! is the annualized cost per unit of capital for technology 1 and ! is the price per 

litre of fuel.   

 
4 As the minimum size of generators available on the market is 2kW (Khan & Khan, 2009), this 

seems like a reasonable assumption. 
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3.4. Utility Maximization 

Given the defined production and budget constraints, the household will choose 

the technology that maximizes household utility, as follows: 

!"#!,!     ! !,! = !!!!!!         

!. !.                 1   ! !,!, ! = !"!! + (1 − !)!!!;  (production constraint)  

 2   ! = !"# + 1 − ! ! + !" + !.  (budget constraint) 

Substituting the production constraint and budget constraint for ! and ! in the utility 

function yields the unconstrained maximization problem: 

 !"#!,!,!     ! !,!, ! = !"!! + (1 − !)!!! ! ! − !"# − (1 − !)(! + !") !!!. 

Lemma 1:  The optimal choice of fuel will be equal to !∗ = !(!!!)
!

 if ! = 0 and the 

optimal choice of system capacity will be equal to !∗ = !"
!

 if ! = 1.  

Proof:  Provided in Appendix B. 

From the optimal input choices defined in Lemma 1, we can solve for optimal levels of 

production and consumption under each technology choice: 

!"#$   1 :    ! = 0     

 !! = !!!∗ =
!!!(!!!)

!
,    !! = (1 − !)(! − !)   

!"#$   2 :    ! = 1 

!! = !!!∗ = !!!!
!

,   !! = (1 − !)!. 

From these results we can see that !! > !! as the capital cost of the diesel technology 

takes up a portion of the household’s budget.  !! may be less than !! depending on the 

marginal product and marginal cost of fuel and capital.   
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Proposition 1:  Given the optimal consumption choices, the solar technology will be 

chosen as long as the following condition holds: 

 !!
!

!
> !!

!

! !!!
!

. 

Proof:  Provided in Appendix B. 

This condition implies that a household will purchase a renewable energy system 

to meet household demand for energy services if the marginal product of capital over the 

marginal cost of capital for the solar technology is greater than the marginal product of 

fuel over the marginal cost of fuel for the generator system discounted by the proportion 

of the budget remaining after the purchase of the generator.  If the total annualized cost 

of the generator is greater than household annual income (! > !), the renewable 

energy system will be the clear choice.  Implications of this condition are that as the 

price of renewable energy capacity falls and the price of fuel increases, as has been the 

case over the past 15 years, renewable energy technologies become a much more 

attractive option.  Another observation from this condition is that as household income 

increases, the diesel technology becomes more attractive. 

3.5. Model Calibration 

The goal in this section is to present a calibrated version of the model to illustrate 

how changes in various parameters affect the technology adoption decision of 

households.  Data available on capital costs, fuel costs, and income levels in 

Bangladesh will be combined with energy engineering calculations for the two 

technology types.  Parameter values for ! and ! are based on values used by Khan and 

Khan (2009) converted to 2010 $US.  Parameter values for ! and ! are based on World 

Bank indicators for Bangladesh and are also reported in 2010 $US.  !! represents a fuel 

input requirement of 0.4 litres per kWh (Khan & Khan, 2009).  Finally, the estimation of 

!! follows the approach taken by Erickson & Chapman (1995) to calculate annual kWh 

production and is outlined in Appendix A.  It is assumed that average solar radiation in 

Bangladesh equals 5 kWh/m2 per day (average of monthly estimates by Mondal and 

Islam (2009)), mean global solar radiation equals 1,000 W/m2, the system operates 365 
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days per year, and the system experiences inefficiency losses equal to 20%.   The 

complete list of values chosen for the parameters is reported in Table 2. 

Table 2. Parameter Specifications 

Parameter Value 

Annualized capital cost of generator (!)  43.18 

Annualized per unit capital cost of solar technology (!) 0.712 

Price of fuel (!) 0.63  

Annual household income (!)  673 

Marginal product of fuel (!!) 2.5 

Marginal product of capital (!!) 1.46 

Note. Household income is based on the country average income per capita.  While households likely 
have more than one income earner, households in rural areas that are not connected to grid 
electricity will likely have lower incomes than the country average. 

According to the literature, the preference parameter ! will likely be around 2%, 

representing the share of household income allocated to electricity.  The model has 

been calibrated for three specifications of !, provided in the table below.  

Table 3. Model Calibration 

Preference Parameter  ! = !.!" ! = !.!" ! = !.!! 

Technology  ! ! ! ! ! ! 

Consumption of energy services  25 14 50 28 125 69 

Consumption of composite good  624 666 617 660 598 639 

Utility 604 641 587 619 553 572 

Technology Choice Solar Solar Solar 

Note. Recall that ! = 0  represents the fuel-based technology and (! = 1) represents the solar 
technology.  Consumption of energy services is equal to household production of electricity and is 
stated in kWh. 

In each case the optimal amount of energy services produced and consumed 

with the solar technology is less than the amount with the fuel-based technology, as 

expected.  However, solving for utility under each optimal bundle yields higher utility for 

the solar technology in all three cases.  At low levels of ! households will choose to 

generate only very small amounts of electricity where the home solar systems have the 
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cost advantage.  Kilowatt-hour production reaches higher levels when ! reaches 5%, but 

not enough to warrant the purchase of a diesel generator system. 

The results of the model are largely based on the indivisibility of the generator 

technology.  A reduction in the size of systems resulting in a decrease in capital costs 

could greatly influence a household’s technology adoption decision.  This can be shown 

by graphing the difference in utilities from the solar technology versus the fuel-based 

technology (! !!,!! −   ! !0, !0 ) against the annualized capital cost of the generator 

system (!).  As shown in Figure 1, households prefer the generator system over the 

home solar system at low levels of !.  Households are indifferent at points along the x-

axis, where ! !!,!! −   ! !0, !0 = 0. 

Figure 1. Technology Choice and Annualized Cost of Generator 

 

 

 

 

 

 

 

 

Note. Any point above the x-axis represents the technology choice decision ! = 1 (solar), and any point 
below the x-axis represents the technology choice ! = 0 (generator).   

While increases in fuel prices and decreases in costs of the solar technology will 

drive households further towards the purchase of a home solar system, increases in 

income will have the opposite effect.  As incomes increase households will demand 

more of all goods, including electricity, and as higher production levels are desired diesel 
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increasing household income to 1,350 $US and 2,700 $US (roughly two times and four 

times income per capita), with the same specifications for the preference parameter.    

Table 4. Model Calibration with Changes in Income 

Preference Parameter ! = !.!" ! = !.!" ! = !.!" 

Income !"#$ !"## !"#$ !"## !"#$ !"## 

Technology Type ! ! ! ! ! ! ! ! ! ! ! ! 

Consumption of energy services  52 28 105 55 104 55 211 111 259 138 527 277 

Consumption of composite good  1294 1337 2630 2673 1281 1323 2604 2646 1241 1283 2524 2565 

Utility 1253 1286 2547 2571 1218 1242 2476 2483 1148 1147 2334 2295 

Technology Choice Solar Solar Solar Solar Generator Generator 

The results indicate that even at higher income levels households characterized 

by a low preference parameter for energy services will choose the solar technology.  

Households with a higher preference parameter for energy services, on the other hand, 

will decide to purchase a diesel generator system when income reaches 1,350 $US.  By 

plotting the technology choice condition against income levels, Figure 2 demonstrates 

that as incomes rise, households will choose the generator over the home solar system.   

Figure 2. Technology Choice and Income Level 

 

 

 

 

 

 

 

 

 

Note. Any point above the x-axis represents the technology choice decision ! = 1 (solar), and any point 
below the x-axis represents the technology choice ! = 0 (generator).   
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The x-intercepts show at what income levels households begin to prefer diesel 

generators over solar home systems.  This information is used to calculate income 

ranges in the decision matrix below.  Note that at income levels below 1,330.88 $US all 

households with the specified preferences will choose the solar technology, and at 

income levels above 6,570.32 $US all households will choose generators to meet larger 

demands.  Given that the per capita income in Bangladesh in 2010 was equal to 673 

$US, it is expected that the vast majority of households will fall within the lowest income 

group. 

Table 5. Technology Choice Decision and Income Levels 

 Technology Choice 

Income range ($US) ! = !.!" ! = !.!" ! = !.!" 

0 – 1330.88  Solar Solar Solar 

1330.88 – 3298.36 Solar Solar Generator 

3298.36 – 6570.32 Solar Generator Generator 

> 6570.32  Generator Generator Generator 
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4. Extensions 

A number of extensions could be made to the model to better account for factors 

that affect a household’s technology choice.  Possible extensions include (1) 

incorporating a level of uncertainty in the model to account for fluctuations in fuel prices 

and solar radiation levels, (2) letting income be an endogenous variable, as access to 

electricity may increase income-generating opportunities for households, and (3) 

allowing threshold energy levels be achieved (e.g. levels required for lighting or 

refrigeration) that influence decision making.  Expected outcomes of these extensions 

are included in Table 6. 

Table 6. Potential Model Extensions  

Description Expected Outcome 

Uncertainty in fuel prices  • Utility using fuel based technology will fall compared to base 
case, suggesting greater preference for solar  

Uncertainty in solar output • Utility using solar technology will fall compared to base case, 
suggesting greater preference for generator 

Endogenous income • If income is positively correlated with energy use, demand for 
energy services will increase making the generator more 
attractive   

Threshold levels of consumption • Households only able to afford small threshold levels will prefer 
solar, while households demanding higher threshold levels (e.g. 
24 hour refrigeration) will prefer generator  

As uncertainty in solar radiation levels (incorporated in !!) could reduce a 

household’s willingness to adopt a solar home system, it is of interest to analyze this 

case.  Note that analyzing only the uncertainty in solar output, and excluding uncertainty 

in fuel prices, represents a worst-case scenario for the solar technology.  An extension 

of this model could include both uncertainty in solar output and uncertainty in the price of 

fuel to analyze how households weigh these trade-offs.  
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4.1. Model with Uncertainty in Solar Output  

 Assume now there is uncertainty in the level of solar radiation in a given 

location.  The probability of high solar radiation !!! is equal to !, while the probability of 

low solar radiation !!! is equal to (1 − !).  Let the expected value be !! from the base 

case model, so that (!  !!! + 1 − ! !!!) = !!.  Households will now maximize expected 

utility, as follows: 

!"#!!,!!,!     ! ! !! ,!! ,! = ! !! !!!!! + (1 − !) !! !!!!!       

!. !.                 1   !! !,!, ! = !!!!! + (1 − !)!!!; 

 2   !! !,!, ! = !!!!! + 1 − ! !!!;  

 3   ! = !"# + (1 − !)(! + !") + !.   

Substituting the production functions and budget constraint for !!, !!, and ! in the utility 

function yields the unconstrained maximization problem: 

 !"#!,!,!     ! ! !,!, ! = [! !!!!! + (1 − !)!!! ! + 1 − ! !!!!! + 1 −

! !!! !] ! − !"# − (1 − !)(! + !") !!! 

Lemma 2:  Uncertainty in solar output does not change the optimal input choices for 

each technology type; that is, !∗∗ = !∗ = !(!!!)
!

 if ! = 0 and !∗∗ = !∗ = !"
!

 if ! = 1.   

Proof:  See Appendix B. 

While risk in solar output does not influence a household’s optimal input choices, it will 

affect the household’s technology adoption decision due to risk-averse preferences.   

Proposition 2:  With uncertainty in solar output, the solar technology will be chosen as 

long as the following condition holds: 

 !(!!!)!!(!!!)(!!!)!

!!
> !!

!

! !!!
!

.  

Proof:  See Appendix B. 
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Uncertainty in solar output decreases the utility received from producing energy 

services using the solar technology.  This is due to the concavity of the utility function, as 

!!
! > !(!1

!)
!
+ (1 − !)(!1

!)
!
.  The next section will discuss how this uncertainty impacts the 

results. 

4.2. Model Calibration with Uncertainty in Solar Output 

To add to the existing parameter data from Table 2, Table 7 includes specifications 

of !!! ,!!! ,!, and 1 − ! .  According to Mondal and Islam (2009) Bangladesh receives solar 

radiation in the range from 3.82 to 6.24 kWh/m2 per day, therefore applying the same 

assumptions as before, let !!! = 1.82 and !!! = 1.12.  For the expected value to equal 1.46, 

let ! = 0.49 and 1 − ! = 0.51. 

Table 7. Parameter Specifications of High and Low Solar Radiation Levels  

Parameter Value 

Marginal product of capital with high solar radiation (!!!)  1.82 

Probability of high solar radiation (!) 0.49 

Marginal product of capital with low solar radiation (!!!) 1.12 

Probability of low solar radiation (1 − !)  0.51 

 

Let the preference parameter, !, take on the same values as before.  The model 

calibration with uncertainty in solar output is provided below. 

Table 8. Model Calibration with Uncertainty in Solar Output 

Preference Parameter  ! = !.!" ! = !.!" ! = !.!" 

Model Base Case Uncertainty Base Case Uncertainty Base Case Uncertainty 

Technology Type !       !           ! !       !       ! !     !       ! 

Consumption of energy 
services  

25   14 11, 17 50   28 21, 35 125   69 53, 86 

Consumption of 
composite good 

624  666   666 617  660   660 598  639   639 

Utility 604 640.9  640.7 587 619.0  618.6 553 572.0  571.2 

Technology Choice Solar Solar Solar 
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 As Table 8 shows, uncertainty in solar radiation levels decreases household 

utility, but not by much.  Households place greater weight on the consumption of other 

goods and services, which represent 95-99% of their allocated budget.  As you can see 

from the last row in the table, adding uncertainty to the model does not change the 

household’s technology adoption decision at stated prices and income levels. 

 Figure 3 and Table 9 present the technology choice decision based on 

household income levels for the model with uncertainty.  Compared to the base case, 

the income thresholds for choosing the generator system over the solar technology are 

now lower.  With uncertainty in solar output included, households will now choose the 

solar technology at income levels below 1,277.10 $US and will choose the generator 

system at income levels above 6,271.67 $US, for all specified preference levels. 

Figure 3. Technology Choice and Income Level with Uncertainty in Solar 
Output 

 

 

 

 

 

 

 

 

 

Note. Any point above the x-axis represents the technology choice decision ! = 1 (solar), and any point 
below the x-axis represents the technology choice ! = 0 (generator).   
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Table 8. Technology Choice Decision and Income Levels with Uncertainty in 
Solar Output 

 Technology Choice 

Income range ($US) ! = !.!" ! = !.!" ! = !.!" 

0 – 1277.10  Solar Solar Solar 

1277.10 – 3168.50 Solar Solar Generator 

3168.50 – 6271.67 Solar Generator Generator 

> 6271.67  Generator Generator Generator 
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5. Conclusion 

The results of this analysis are promising for countries with large rural 

populations without access to grid electricity.  Specifically, countries characterized by 

low per capita energy consumption, geographically dispersed populations, limited 

existing grid capacity, and high solar radiation levels will be able to take full advantage of 

solar technology.  It is recommended that this model be applied to other regions, 

specifically in Sub-Saharan Africa where there is significant potential to deliver electricity 

to poor rural areas.  The model should be specified according to regional market prices, 

income levels, and resource endowments, and if the condition presented in Section 3 

holds, a market-based renewable energy program would likely be successful.  

While there have been many programs introduced to date that have succeeded 

without significant funding or government assistance, governments could help 

encourage the adoption of solar home systems by providing information on the 

technology to villages and other remote areas.  Without electricity access households 

may not have the communication channels to learn of this technology, therefore it may 

be welfare enhancing for the government to provide information to specific target areas.  

The results presented in this paper conclude that due to the modular nature of 

photovoltaic panels, solar home systems may be a cost effective alternative for providing 

electricity to low income households (below 1,330 $US and up to 6,570 $US) that are 

currently without access to electricity.  While this conclusion is consistent with the 

conclusion of earlier studies, the model outlined in this paper offers a more sophisticated 

approach for analyzing individual technology adoption decisions that considers local 

conditions, production capabilities, and household budget constraints.  It is 

recommended that this approach be used in the future when assessing technologies of 

similar scope and context. 
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Appendix A.  
 
Formulas and Definitions 

Levelized 
cost of 
energy 

The levelized cost of energy is an accepted method for comparing the 
costs of electricity supply alternatives, calculated by dividing the 
annualized cost of capital, fuel, repairs, and maintenance of an electricity 
supply system by annual energy production.  Basic formulas are provided 
below where ! is the interest rate and ! is the life of the system: 
 
!"#"$%&"'  !"#$ = !""#$%&'()  !"#$  

!""#$%  !"!#$%  !"#$%&'(#)  
, 

 
where !""#$%&'()  !"#$ = !"#$#%&  !"#$%  !"  !"!#$%  !"#$#

!! !
!!! !⋯!

!
!!! !!!

. 

 

Energy 
production 
from solar 
technology 

The approach taken to calculate the annual energy production from the 
solar technology follows Erickson and Chapman (1995).  Energy 
production is a function of the rated capacity of the system, local solar 
radiation levels over the industry standard, and the rate of efficiency as 
follows: 

!"#$%&  !"#$%&'(#)  (kWh) = !! ∙ !"#"$%&'  !"  !"!#$%   W , 

where !! =
!"#$%&'  !"#  !"#$%  !"#$"%$&'   !"# !!/!"#

!"#$  !"#$%"  !"#$%  !"#$"%$&'   ! !! ∙ !""#$!"#$%  !"#$. 

To calculate annual energy production, multiply by 365 days. 

Mean global 
solar 
radiation 

Mean global solar radiation is the industry standard level of solar power 
reaching the Earth’s surface, approximated to 1,000 W/m2.  It is used by 
the solar industry to calculate the peak power capacity of photovoltaic 
panels.   
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Appendix B.  
 
Proofs 
Proof of Lemma 1: 

The first order conditions of the unconstrained maximization problem yield the optimal choices of 
! and !.  Let the optimal choices be represented by !∗ and !∗. 

!"(!,!, !)
!"

= ! !!!! + 1 − ! !!! !!!(1 − !)!! ! − !"# − 1 − ! ! + !" !!!

+ 1 − ! !!!! + 1 − ! !!! ! ! − !"# − 1 − ! ! + !" !! −(1 − !)! = 0 

 

(1) ⟹ !(1− !)!0 !− !"#− 1− ! !+ !" = 1− ! (1− !)![!!1!+ 1− ! !0!]  

 

!"(!,!, !)
!"

= ! !!!! + 1 − ! !!! !!! !!! ! − !"# − 1 − ! ! + !" !!!

+ 1 − ! !!!! + 1 − ! !!! ! ! − !"# − 1 − ! ! + !" !! −!" = 0 

 

(2) ⇒ !"!1 !− !"#− 1− ! !+ !" = 1− ! !"[!!1!+ 1− ! !0!]  
   
 
Let ! = 0.  From (1) it follows that: 
 

 ! ! − ! − !" = 1 − ! !" 
 

 ⟹ !∗ = !(!!!)
!

. 
 
Let ! = 1.  From (2) it follows that: 
 
 ! ! − !" = 1 − ! !"   
 
 ⟹ !∗ = !"

!
  . 

 
 
Proof of Proposition 1: 
 
First, solve for the level of utility at optimal consumption levels of ! and ! for each technology 
choice: 

(3)  ! !!,!! = 1 − ! !!! !!!
!

!
(! − !)  when ! = 0; and 

(4) ! !!,!! = 1 − ! !!! !!!
!

!
!  when ! = 1. 
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Since households will choose the technology that maximizes utility, households will choose solar 
as long as the utility received from this decision is greater than that of the alternative, that is 
! !!,!! >   ! !0, !0 . 
 
Substituting the solutions (3) and (4) into this expression yields:  
 1 − ! !!! !!!

!

!
! > 1 − ! !!! !!!

!

!
! − !  

 ⟹ !!
!

!
> !!

!

! !!!
!

. 
 
 

Proof of Lemma 2: 

The first order conditions of the unconstrained maximization problem yield the optimal choices of 
! and !.  Let the optimal choices for the model with uncertainty be represented by !∗∗ and !∗∗. 

 

First, to simplify the analysis let’s write the maximization problem log form: 

!"#!,!,!     ! ! !,!, !
= !"ln !!!!! + 1 − ! !!! + 1 − ! ! ln !!!!! + 1 − ! !!!
+ 1 − ! ln   ! − !"# − 1 − ! ! + !"  

 

!" ! !,!, !
!"

=
!"

!!!!! + 1 − ! !!!
1 − ! !! +

1 − ! !
!!!!! + 1 − ! !!!

1 − ! !!

+
1 − !

! − !"# − 1 − ! ! + !"
(1 − !)(−!) = 0 

 

!"[! !,!, ! ]
!"

=
!"

!!!!! + 1 − ! !!!
!!!! +

1 − ! !
!!!!! + 1 − ! !!!

!!!!

+
1 − !

! − !"# − 1 − ! ! + !"
(−!") = 0 

  
 
Let ! = 0.  From the first order condition with respect to !, it follows that: 
 

 !"
!!!

!! +
!!! !
!!!

!! =
!!!

!!!!!"
! 

 
 ⟹ !(! − ! − !") = 1 − ! !!!" 
 
 ⟹ !(! − ! − !") = 1 − ! !" 
 
 ⟹ !∗∗ = !(!!!)

!
. 

 
Let ! = 1.  From the first order condition with respect to !, it follows that: 
 
 !"

!!!!
!!! +

!!! !
!!!!

!!! =
!!!
!!!"

!   
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 ⟹ !(! − !") = 1 − ! !"  . 
 
 ⟹ !∗∗ = !"

!
. 

 
 
Proof of Proposition 2: 
 
Solve for the level of utility at optimal consumption levels of ! and ! for each technology choice: 

(6)  ! !!,!! = 1 − ! !!! !!!
!

!
(! − !)  when ! = 0; and 

(7) ![! !1, !1 ] = 1 − ! 1−! !
!

!
! !1

! !
+ 1 − ! !1

! !
!  when ! = 1. 

Since households will choose the technology that maximizes utility, households will choose solar 
as long as the utility received from this decision is greater than that of the alternative, that is 
![! !1,!1 ] >   ! !0,!0 . 
 
Substituting the solutions (6) and (7) into this expression yields:  
 1 − ! !!! !

!

!
! !!! ! + 1 − ! !!! ! !   > 1 − ! !!! !!!

!

!
(! − !) 

 ⟹ !(!!!)!!(!!!)(!!!)!

!!
> !!

!

! !!!
!

. 
 


