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A household survey in Pakistan is used to examine drivers of more efficient compact fluorescent light bulb (CFL)
adoption and the impact of CFL adoption on the demand for lighting services. Higher price of a CFL to an incan-
descent bulb (IB) and limited knowledge about the life span of CFLs versus IBs are found to lower adoption rates
by asmuch as 20%.While CFL adoption increases the technical efficiency of household lighting, the lower cost for
lighting services results in estimated rebound effects that decrease potential energy savings by 23% to 35% due to
increased brightness and extended hours of use. These findings have important implications for household wel-
fare and cost-benefit tradeoffs for CFL projects.
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1. Introduction

Wide scale adoption of more energy efficient technologies can help
to bridge the gap between energy supply and demand and combat
climate change (Jaffe et al., 2001; Ryan et al., 2012). In developing coun-
tries, where finding new sources of energy supply may take years, in-
creasing energy efficiency on a large scale may be the most practical
way to reduce the extent to which energy shortages are amajor imped-
iment to economic growth. Developing countries, such as Bangladesh,
China, India, Pakistan, Philippines, and Vietnam, where energy gaps
have been especially severe, have tried to induce energy efficient adop-
tion through programs that distribute millions of free compact fluores-
cent light bulbs (CFLs) to replace less energy efficient incandescent
bulbs (IBs) in domestic households.1

Yet, several factors can diminish the long term success of such pro-
grams. First, adoption ofmore energy efficient technologies is often hin-
dered by a combination of market failures, individual preferences, and
behavioral biases (Jaffe and Stavins, 1994). Unless policy can address
some of these barriers to adoption, long term usage of more energy ef-
ficient technology may not be sustainable. The literature addressing
the drivers ofmore energy efficient lighting adoption is still underdevel-
oped. The few insights from developed countries show that higher edu-
cation, greater income, and positive environmental attitudes increase
adoption of more efficient lighting at the household level (Di Maria
grams inmore than 20 countries
ber of other initiatives financed
nors.

ghts reserved.
et al., 2010; Mills and Schleich, 2010, 2012). These studies, however,
may omit key variables driving the adoption decision such as the higher
price of more efficient technologies, uncertainty over the quality of
technology, and lack of awareness of savings that could be achieved.
In particular, evidence suggests that these are major factors leading to
lower rates of adoption of improved technologies especially in develop-
ing countries (Bhattacharya and Cropper, 2010; Foster and Rosenzweig,
2010). Given that these aspects are important to include in the model
theymay imply a very different set of recommendations than those sug-
gested by past studies.

Secondly, even if adoption occurs, theremay be a rebound effect that
results in a much lower amount of energy saved from a switch in tech-
nologies than is predicted by models that hold consumer consumption
for energy services constant (Sorrell and Dimitropoulos, 2008). This
effect arises because adoption of more energy efficient technology
decreases the cost of energy services resulting in an increase in the
demand for energy services. Past research has documented the rebound
effect for a variety of products, population sets, and countries (Greening
et al., 2000; Sorrell and Dimitropoulos, 2008; Sorrell et al., 2009). Esti-
mates are shown to vary widely depending on the context and estima-
tion approach. Data limitations have often resulted in rebound effects
being computed indirectly based on changes in the price of energy rath-
er than through improvements in energy efficiency. This may result in a
different estimate of the rebound effect due to adoption of a particular
type of energy service. This is because a change in energy efficiency of
one service makes that service cheaper, but also cheaper relative to
other types of energy services. In contrast, a decrease in energy price
makes all energy services become cheaper while the proportional
costs of one energy service compared to another remain the same.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eneco.2013.07.006&domain=pdf
http://dx.doi.org/10.1016/j.eneco.2013.07.006
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http://dx.doi.org/10.1016/j.eneco.2013.07.006
http://www.sciencedirect.com/science/journal/01409883


Table 1
Descriptive statistics of households and respondents.

Mean SD

Household characteristics
Household # workers 1.69 0.85
Household size 6.92 2.99
Main income source: Daily labor 0.34 0.47
Main income source: Farming 0.14 0.34
Main income source: Government/Business/Other 0.34 0.48
Main income source: Private service 0.18 0.38
Property # rooms 2.71 1.41
Property # light points 6.81 5.68
Ownership (vs. rent) 0.91 0.29
Property type: Flat 0.02 0.14
Property type: Single building 0.95 0.23
Property type: Multi building 0.03 0.18
Property construction: Masonry (vs. Adobe/Informal) 0.64 0.48

Respondent characteristics and CFL knowledge
Female 0.17 0.38
Household head 0.63 0.48
Prior awareness of CFL? 0.89 0.31

How many times do you think a good CFL saver will last compared to an IB?
Don't know 0.23 0.42
2 times 0.38 0.49
4 times 0.20 0.40
6 times 0.09 0.29
10 times 0.09 0.28

Distance traveled to purchase last bulb N2 km (vs b = 2 km)? 0.20 0.40
Observations 3253

Note: SD = standard deviation.
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In general, studies on the reboundeffects that occur for domestic light-
ing systems are relatively sparse. Existing studies have found rebound ef-
fects of 50% utilizing 300 years of aggregate data on consumption of
lighting services and their utilization in the UK and 50–80% for kerosene
consumption from introduction of a more energy efficient solar lantern
in India (Foquet and Pearson, 2011; Roy, 2000). However, a study in
Ethiopia, which uses micro-level data to estimate empirically the re-
bound effect, finds a much smaller rebound effect of 20% 18 months
after the distribution of free CFLs (Costalanski et al., 2013).

This paper uses data from a household survey of electrical lighting
choices and usage in Pakistan to examine empirical factors related to
CFL adoption and the impact that CFL adoption has on the demand for
lighting services.2 It seeks to provide a greater basis for understanding
the various aspects thatmay help or hinder goals of reducing energy de-
mand through adoption of more energy efficient technology in the do-
mestic sector of a large developing country.3 There are several unique
aspects to the analysis. First, the adoption model is able to include vari-
ables that capture the relative price of CFLs and perceptions of the life-
time of a CFL compared to an IB that is missing in existing studies.
This provides a means for simulating the effect that price subsidies on
CFLs and informational campaigns that accompany CFL quality guaran-
tees can have on rates of adoption. Second, an instrumental variable ap-
proach is used to better identify the impact of an efficiency increase
from CFL adoption on household demand for lighting services usage
and brightness capacity. This model is applied not only to the house,
but also to different types of rooms. Third, we use the empirical esti-
mates of the impact of CFL adoption on lighting services demand to
compute the rebound effect for the average household in the sample.
The rebound effects are decomposed into utilization and capacity ef-
fects. This reveals how households may value different aspects of light-
ing when trying to maximize their benefits with the available choices.

The rest of thepaper is organized as follows: Section 2 covers the data
used for the analysis. Section 3 empirically examines the adoption deci-
sion and simulates the effects of different policy levers on the increase in
probability to adopt. Section 4 provides the theoretical basis for examin-
ing the rebound effect and details how the rebound effect can be esti-
mated through empirical analysis. Finally, Section 5 concludes.
2. Data and descriptive statistics

2.1. Pakistan domestic lighting survey data

Data from the Pakistan Sustainable Energy Efficiency Investment
Program (SEEIP) Baseline Domestic Lighting Survey conducted in
March and April of 2009 by Gallup Pakistan is used for the analysis.
3253 households from 9 distribution utilities across 58 districts, admin-
istrative units, towns and cities were covered by the survey. Areas were
chosen based on urban–rural classification, geographical accessibility,
and electricity consumption. The sample was stratified to represent do-
mestic customer distribution patterns. Surveying occurred only if an
adult and permanent resident was available as a respondent and the
house could provide an electricity bill covering the last 12 months.4
2 The Pakistan government launched a national program costing $60 million to re-
place 30 million IBs with CFLS in the residential sector. The Asian Development Bank
(ADB) contributed $40 million to the program as a concession loan. For more infor-
mation about the program see http://pid.adb.org/pid/LoanView.htm?projNo=
42051&seqNo=02&typeCd=3. The survey used for this study was conducted in
2009 during the preparation of the loan project.

3 Pakistan was ranked 134 out 180 countries in terms of its per capita GDP (PPP$) of
$2745 in 2011. It is the sixth largest country in the world in terms of population.

4 The entire area serviced by the 9 distribution utilities was considered and identified in
terms of accessibility in which fieldwork could be conducted. Several districts were chosen
at random from a set of districts considered accessible for fieldwork in each distribution util-
ity. 45% of interviewswere conducted in urban areas and 55% in rural areas. Sampling started
fromacentralized location and surveyingoccurreduntil the quota for the areawas exhausted
as no existing sample frame was available to draw households for inclusion in the survey.
The survey collected for each household in the sample the basic de-
mographics of the respondent, house characteristics, and detailed count
of lighting equipment. The number of each type of bulb and the associ-
atedwattage for each roomwere recorded through physical visits to the
house. Corresponding average hours used per day for each type of bulb
in each room over the last month were obtained through self-reports.
Up to 7% of the sample was dropped during the analysis because a
household had characteristics which were outliers or there were miss-
ing data on key variables of interest.

There are some limitations to the data. In general, there are relatively
sparse measures related to a household's characteristics that may not
provide sufficient controls for adoption and energy usage outcomes.
Lighting usagemeasures are self-reportedwhichmay introduce some re-
call bias into the analysis. While this is probably minimal, as recall is only
for the last month of usage, it does prevent the analysis from drawing
conclusions for winter or summer periods that have harsher weather
conditions causing energy shortages to be more prevalent. The data also
did not collect measurements for the quality or efficiency factor of the
bulbs. As developing countries often do not impose minimum standards
the efficiency factor may vary substantially. While these aspects may
serve as a source of measurement error in the analysis, there is still suffi-
cient richness to draw some important insights for understanding factors
that affect adoption and energy consumption for lighting in Pakistan.

Table 1 provides selected descriptive statistics of the household and
respondent. The average household has 1.7 workers and a household
size of 6.9. 34% of the households obtain their main income from daily
labor and another 34% from government/private business. Over 91% of
households own their homes and 64% have a house constructed from
masonry. The average house has 2.7 rooms and 6.8 light points. Thus,
the average number of rooms per capita is 0.4. This is well below the
1.6 roomsper capita for OECD countries reflecting a substantially poorer
population set (OECD, 2011).

Measures related to a respondent's awareness and beliefs regarding
CFLs are also reported.5 89% of respondents claim they are aware of
5 51% of respondents also reported buying CFLs in their last light bulb purchase, and 42%
cited availability of CFLs as an important determinant to switch from IB to CFLs.

http://pid.adb.org/pid/LoanView.htm?projNo=42051&seqNo=02&typeCd=3
http://pid.adb.org/pid/LoanView.htm?projNo=42051&seqNo=02&typeCd=3
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CFLs. However, a large fraction of households are uncertain of how long
a quality CFL lasts compared to an IB, while 58% believe it lasts atmost 2
to 4 times as long as an IB. In contrast, most quality CFLs in developed
countries last 5–13 times longer than an IB. These responses therefore
may reflect a combination of lack of awareness and respondent's expe-
rience with CFLs in Pakistan that may have been of low quality. Finally,
convenience appears to be a strong factor in purchase behavior with
80% of households making their last purchase of lighting within two ki-
lometers of their house.

2.2. Electrical lighting usage and capacity adjusted lighting effects

Lighting usage and lighting capacity measures were constructed for
the house aswell as for the living room, dining room, and bedroom—the
rooms where most lighting services are concentrated in a house.6 Let
nirb, wirb, and hirb represent the number, wattage, and average daily
hours of use associated with a given bulb type b for household i in the
room (or house) r. Then the average daily usage per bulb (watt-
hours), au, average wattage per bulb, aw, and the average daily hours
used per bulb, ah, can be constructed as follows:

auir ¼

X
b∈ CFL;IBf g

nirbwirbhirb
X

b∈ CFL;IBf g
nirb

ð1aÞ

awir ¼

X
b∈ CFL;IBf g

nirbwirb

X
b∈ CFL;IBf g

nirb

ð1bÞ

ahir ¼

X
b∈ CFL;IBf g

nirbhirb
X

b∈ CFL;IBf g
nirb

: ð1cÞ

The average daily usage per bulb is calculated as the sum of total
watt-hours of CFL and IB divided by the total number of these types of
bulbs. The total watt-hour is equal to the product of the number,
wattage and average daily use of the bulbs summed across records.
The average wattage per bulb equals the sum of total wattage of CFL
and IB divided by the total number of bulbs. The average daily hours
used per bulb are the total hours used for bulbs in the room divided
by the total number of bulbs. These measures exclude information
from other bulb types such as fluorescent tube lamps (FTL) and halogen
bulbs as these are typically not interchangeable with IBs. This allows for
the measures to more precisely capture lighting usage and lighting ca-
pacity that applies between the substitutable technologies of CFLs and
IBs.

Lumen-adjusted measures of the average daily lighting output per
bulb, alu, and average lighting intensity per bulb, alw, corresponding
to Eqs. (1a)–(1b) are also constructed to capture the amount of lighting
services provided by IBs and CFLs. Let l denote the lighting capacity in
lumens generated per hour. It is assumed that there is a linear relation-
ship where bulb wattage can be multiplied by a factor σ to obtain l. To
yield the same level of lighting output an IB is assumed to consume ap-
proximately m(q) times the amount of energy of a CFL with quality q.
Thus,

lcfl ¼ σwcfl ¼ m qð Þσwib ¼ m qð Þlib: ð2Þ

For the lumen adjusted measures, the coefficient σ is a constant fac-
tor and eliminated in the variable construction so that only the wattage
6 This aggregation occurs to better capture aspects of the lighting system and trade-offs
in utilization and capacity of lighting that could not be observed at a per-bulb level.
of light bulb is used to construct the variables to proxy for lighting ser-
vices as follows:

aluir ¼

X
b∈ CFLf g

nirbm qð Þwirbhirb þ
X

b∈ IBf g
nirbwirbhirb

X
b∈ CFLf g

nirb þ
X

b∈ IBf g
nirb

ð3aÞ

alwir ¼

X
b∈ CFLf g

nirbm qð Þwirb þ
X

b∈ IBf g
nirbwirb

X
b∈ CFLf g

nirb þ
X

b∈ IBf g
nirb

: ð3bÞ

The difference between Eqs. (3a)–(3b) and the counterparts in
Eqs. (1a)–(1b) is that the wattage of CFL bulbs is multiplied by a factor
of m(q). This adjustment results in very different interpretations of the
two sets of variables. Actual usage is reflected by the first set, whereas
the second set proxies for lighting services. For high quality CFLs in de-
veloped countries the amount m(q) typically ranges between 4 and 6
depending on the quality.7 However, in developing countries there
may be a wide range due to the absence of manufacturing standards
and quality controls. As the data does not capture the efficiency factor
of the CFLs to a standard IB, we develop a strategy to proxy for the effi-
ciency factor based on the price paid by the household for their last CFL
and their beliefs regarding the length of time a CFL versus an IB lasts. A
conservative approach is taken which assumes that the efficiency factor
ranges between 3 and 5 times that of an IB. The efficiency factor of 3was
identified as a lower bound from evidence that the price of a CFL was at
least 3 times the price of an equivalent IB in Pakistan. The approach
used for determining the efficiency factor, detailed in Appendix 1, ulti-
mately results in an average efficiency factor of CFLs to IBs of 3.4.
Given that prices and beliefs are a good reflection of bulb quality this ap-
proachmay resolve some of the error in the estimation that arises from
not having a direct measure of the efficiency factor. However, since
there are no clear measures of what an appropriate lower bound is in
terms of the efficiency factor of a CFL in Pakistan, or any developing
country, additional efficiency factors were created to check the robust-
ness of the results. For example, we also considered an efficiency factor
that instead ranged between 2 and 5 times that of an IB resulting in an
average efficiency factor of 2.7.

Table 2 presents descriptive statistics on lighting in the house, living
room, dining roomandbedroom. There are 3023valid household obser-
vations. 1019, 681, and 2444 households reported presence of lighting
in the living room, dining room, and bedroom. As the average number
of rooms across the sample is less than 3, the difference in observations
indicates thatmany households do not have all 3 rooms. For households
where some combination of dining, living and sleeping occurs in a single
room, enumeratorswere asked to categorize these rooms under a single
room type.

64% of houses contain at least one CFL bulb while the penetration
rate was 74%, 64% and 57% in the living room, dining room and bed-
room. The living room has the highest CFL penetration potentially due
to a combination of both the functionality and amount of time spent
in the room. The average number of CFLs per house is 2.8 while for IBs
it is 2.6. The data suggest that CFLs are more prevalent than IBs on
both the extensivemargin (penetration) and intensivemargin (propor-
tion of bulbs) in the overall house and the main rooms of a typical
household in Pakistan. People tend to use more CFLs than IBs in the
living and dining rooms, but not in the bedrooms.

The sample mean of the average energy consumption of one bulb,
computed with formula (1a), is 205, 205, 188 and 231 watt-hours for
the overall house and in the living, dining and bedrooms, respectively.
7 Energy Star (2012) states that the minimum standard for a CFL to receive an Energy
Star designation in the US is to have an energy efficiencywhich is 4 times that of an equiv-
alent IB.



Table 2
Lighting of the house and by room.

Variable
House Living room Dining room Bedroom

Mean SD Mean SD Mean SD Mean SD

CFL in room 0.64 0.48 0.74 0.44 0.64 0.48 0.57 0.50
# IB 2.58 2.78 0.48 0.74 0.54 0.73 0.91 1.11
# CFL 2.77 3.99 1.08 0.95 0.97 1.05 1.00 1.44
Avg. daily use per bulb (watt-hrs) 204.73 174.27 204.88 183.63 188.37 196.48 231.40 226.77
Avg. wattage per bulb 52.75 28.46 42.31 28.99 44.83 29.11 53.33 33.49
Avg. hrs used per watt 3.77 1.87 4.93 2.40 4.14 2.43 4.29 2.41
Avg. daily lighting services per bulb 341.06 209.80 474.30 310.21 390.41 306.40 406.16 279.46
Avg. lighting intensity per bulb 85.05 27.76 93.22 34.94 90.75 38.90 91.41 32.37
Observations 3023 1019 681 2444

Note: SD = standard deviation.

8 Mills and Schleich (2010) draw on the marketing literature by using a double hurdle
model to investigate the adoption and intensity of adoption decision for CFLs. We do not
focus on this model here to make a clearer connection between CFL adoption and the re-
bound effect. However, using this formulation we found that the importance of coeffi-
cients such as reported knowledge of CFLs does change between the first hurdle and
second hurdle, but remains significant.
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The energy consumption per bulb can be decomposed into average
wattage per bulb and average daily use in hours per bulb as represented
by formulas (1b) and (1c). The means of average wattage and hours of
daily use per bulb are 52.8 wattage and 3.8 h for the entire house,
42.3 wattage and 4.9 h for the living room, 44.8 wattage and 4.1 h for
the dining room, and 53.3wattage and 4.3 h for the bedrooms. On aver-
age, the living room has the longest daily use of lighting, while the bed-
room has significantly higher wattage per bulb than the other 2 room
types. The latter, however, does not hold when we account for the dif-
ferent lighting capacities of CFL and IB of the same wattage.

The virtual average watt-hours and wattage per bulb defined by
formulas (3a) and (3b) are presented in the bottom of Table 2. The
means of these virtual lumen-adjusted variables are about 60% to
130% higher than the corresponding actual watt hours andwattage var-
iables. This illustrates the substantial energy savings that can be
achieved with CFLs if households pursue the same level of lighting.
The average wattage per bulb in the bedroom is 20–25% higher than
those in the living and dining rooms. However, lighting capacity per
bulb, as measured by the virtual average wattage, is similar across
rooms. On the other hand, people still seem to prefer a brighter bed-
room since there are 2 bulbs on average in the bedroom, while only
1.5 bulbs exist in other room types. One explanation is that the bedroom
is generally bigger than living or dining rooms in Pakistan.

3. CFL adoption

3.1. Model of CFL adoption

Investigating factors related to CFL adoption by households can help
in informing appropriate policy levers to increase rates of adoption and
understanding the long-term effectiveness of projects which distribute
CFLs for free. To investigate the factors determining adoption of CFLs,
Ai
cfl, we run a simple probit model for household i as follows:

Pr Acfl
i ¼ 1jpi; zi; xi

� �
¼ Φ γpi þ z

0

iδþ x
0

iβ þ Di

� �
: ð4Þ

In this model, pi captures the price ratio between a CFL to an equiv-
alent IB for the last reported prices for bulb purchases by households in
an area. zi is a series of dummy variables indicating the households be-
liefs of how long a CFL lasts compared to an IB. xi is a vector of variables
controlling for household characteristics such as household ownership,
household size, number of rooms, construction of the house andproper-
ty type as well as the households main source of income. These are
meant to proxy for household level ofwealth in the absence ofmeasures
of household income or expenditures. Average area level income was
created utilizing the Pakistan Health Income and Expenditure Survey
(HIES) 2007–2008 and included in the model as an additional proxy
forwealth. A respondent's gender and agewere also included to capture
idiosyncracies in responses. Finally, disco dummies,Di, are also included
to capture differences in electricity provision and price dictated by
differences in the 9 different distribution utilities as these aspects are
likely to affect a household's assessed benefits of adopting or utilizing
more efficient technology.

In this model φ and δ represent the coefficients on the variables of
interest. The marginal effect representing the change in the probability
of adoption due to a change in pi is therefore γϕ(.) where the standard
normal density, ϕ, is taken at the mean of all variables included in the
model. A few additional characteristics reflecting a household's aware-
ness of CFLs and purchasing behavior were also included in variants of
themodel specification.However, thesewere not found to be significant
or highly correlated with existing variables and ultimately eliminated.
Standard errors are clustered at the area level to capture unobserved
within area correlations.8 Models were run for the house and each of
the 3 main rooms.

Table 3 shows marginal effect estimates for the various factors affect-
ing the adoption decision. Household CFL adoption is found to be signifi-
cantly related to the price of CFL versus IB with a 1 unit increase in the
price ratio effectively decreasing the probability of CFL adoption by 2.8%.
The inclusion of variables on the respondent's knowledge regarding the
life of a CFL versus IB shows that this factors significantly into the adop-
tion decision. In particular, a respondent who does not know how long
a CFL lasts compared to an IB versus a respondent who reports that a
CFL lasts at least 4 times that of an IB is 63% less likely to be in a household
that has adopted a CFL. In general, the probability of adoption rises with
the respondents reported belief about the length of time a CFL lasts com-
pared to an IB. However, both price effects and differences in beliefs in
regards to CFLs are not statistically significant for the individual rooms.

The number of bulbs in a room, ownership, and house construction
are generally statistically significant factors related to adoption. Howev-
er, more sturdy housing construction and a greater number of light
points, which most likely proxies for wealth, are the main variables
which are consistently and positively related to CFL adoption across
the house and rooms. Themodels generally reveal the importance of in-
cluding measures that can capture the price trade-offs of the various
technologies (CFLs versus IBs) and aspects related to the beliefs or per-
ceptions of the relative quality of the available technology. While this
study has a more rough level of controls for householdwealth and elec-
tricity services provided than Mills and Schleich (2010) and Di Maria
et al (2010), both price and beliefs are likely important variables to in-
clude in models assessing more efficient technology adoption indepen-
dent of other more refined control measures. We expect this to be
especially true for developing countries where the variation in and ac-
cess to quality CFLs can create uncertainty that diminishes the perceived
returns to adoption. In general, the inclusion of the price and belief



Table 3
Marginal effect estimates of household CFL adoption.

Variable House Living
room

Dining
room

Bedroom

Ratio price CFL to IB
(per watt)

−0.028⁎⁎⁎ −0.002 0.000 −0.027⁎⁎⁎
[0.004] [0.005] [0.008] [0.005]

Perceived life of CFL vs IB:
Don't know (vs 4 times)

−0.629⁎⁎⁎ −0.442⁎⁎⁎ −0.473⁎⁎⁎ −0.580⁎⁎⁎
[0.026] [0.060] [0.073] [0.025]

Perceived life of CFL vs IB:
2 times (vs 4 times)

−0.091⁎⁎⁎ 0.043 0.057 −0.098⁎⁎⁎
[0.027] [0.034] [0.058] [0.031]

Perceived life of CFL vs IB:
6 times (vs 4 times)

0.065⁎ 0.042 0.100 0.021
[0.036] [0.043] [0.066] [0.044]

Perceived life of CFL vs IB:
10 times (vs 4 times)

0.127⁎⁎⁎ 0.147⁎⁎⁎ 0.266⁎⁎⁎ 0.207⁎⁎⁎
[0.033] [0.028] [0.043] [0.040]

# Bulbs [house/room] 0.034⁎⁎⁎ 0.179⁎⁎⁎ 0.258⁎⁎⁎ 0.095⁎⁎⁎
[0.004] [0.022] [0.038] [0.013]

HH size 0.004 −0.004 −0.006 0.004
[0.004] [0.005] [0.007] [0.004]

Main income source:
Farming

−0.081⁎⁎ 0.034 −0.194⁎⁎ −0.093⁎⁎
[0.033] [0.046] [0.089] [0.037]

Main income source:
Government/Business/
Other

0.034 0.065⁎⁎ 0.112⁎⁎ 0.063⁎⁎
[0.024] [0.032] [0.055] [0.030]

Main income source: Private
Service

−0.020 0.057⁎ 0.169⁎⁎⁎ 0.072⁎⁎
[0.030] [0.034] [0.054] [0.034]

Property: # Rooms 0.044⁎⁎⁎ 0.011 0.016 0.019⁎
[0.011] [0.012] [0.017] [0.011]

Ownership (vs Rent) 0.003 0.021 0.223⁎⁎⁎ 0.062
[0.037] [0.049] [0.077] [0.044]

Property type: Multi bldg
(vs single building)

0.073 0.024 0.080 0.210⁎⁎⁎
[0.056] [0.058] [0.084] [0.060]

Property construction:
Masonry (vs Adobe/
Informal)

0.153⁎⁎⁎ 0.097⁎⁎ 0.194⁎⁎⁎ 0.167⁎⁎⁎
[0.024] [0.042] [0.067] [0.028]

Average City log
(HH per capita income)

0.092⁎ 0.037 −0.043 0.103⁎
[0.048] [0.068] [0.097] [0.062]

Observations 3129 1051 689 2505

Note: Standard errors in brackets.
DISCO dummies, respondent characteristics, distance to last bulb purchase N2 km
included but not shown. Standard errors clustered by city.
Omitted dummies are life CFL versus IB: 4 times; Main income: Daily labor;
Property: Rent; Property type: Single building; Property Construction: Informal/Adobe;
⁎⁎⁎ p b 0.01.
⁎⁎ p b 0.05.
⁎ p b 0.1.

Table 4
Simulations of CFL adoption in the house.

Variable House Living
room

Dining
room

Bedroom

Baseline average 73% 82% 72% 60%
Decreasing price ratio of CFL to IB
from ~8.8 to 6.8

80% – – 66%

Decreasing price ratio of CFL to IB
from ~8.8 to 4.8

85% – – 72%

Raising awareness that CFLs will last
at least 4 times as long as IBs

88% 85% 77% 76%

Raising awareness that CFLs will last
at least 6 times as long as IBs

91% 87% 84% 78%

Raising awareness that CFLs will last
at least 10 times as long as IBs

94% 95% 95% 90%

Note: Predictions for simulations based on coefficient estimates in Table 4. Average rates in
sample population used for all other variables.
Price ratio changes for living room and dining room not shown due to lack of precision on
estimates for price-ratio for these rooms.
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variables accounts for more than half of the variance explained by the
model with R-squared changing from 0.19 to 0.38 after inclusion,
further reflecting their importance.

3.2. The effect of price subsidies and informational campaigns on CFL
adoption

Inclusion of the relative price of CFLs versus IBs and a respondent's
beliefs regarding the life of CFLs versus IBs in the model provides a
means to investigate how price subsidies and informational campaigns
may change the probability of adoption. Table 4 provides the simulated
results. The predicted adoption rate is 73% at the mean values of vari-
ables included in the model. The average price of a 25-watt CFL is 158
rupees (~$1.58 US) compared to 16 rupees for a 75 watt IB (~$0.16
US). This results in an effective price ratio of a low quality CFL to IB
(efficiency factor of 3) of 10. Considering a subsidy which decreases
the price by 25%, about 40 rupees (~$0.40 US) for each 25 watt CFL,
this is expected to result in an adoption rate of 80%which is a 7 percent-
age point increase over the baseline. Likewise, a 50% subsidy, worth 80
rupees for each 25 watt CFL, would result in an adoption rate of 85%
which is a 12 percentage point increase over the baseline.

Imposing a high quality guarantee accompanied with an informa-
tional campaign on the lifetime of a CFL versus an IB however may en-
courage higher adoption rates than price subsidies on CFLs. This is
because uncertainty over the quality may be preventing households
from assessing the economic benefits that could be gained from
adopting more efficient CFLs. Assuming that a guarantee could be pro-
vided that the lifespan of a CFL is 4 times that of an IB and all households
become totally informed, then the estimated number of adopters be-
comes 88%. This is a 15 percentage point increase in adopters over the
baseline. Furthermore, an informational campaign which guarantees
households that the lifespan of CFLs is at least 10 times that of IBs and
all households become totally informed, is predicted to raise adoption
to 94%. This is a 22 percentage point increase in the percentage of
adopters over the baseline. An examination of these effects is less for
the living room and dining room, but larger for the bedroom where
the proportion of households that have adopted CFLs is smaller. In the
context of investment projects that distribute quality CFLs, such projects
may help households to resolve some of the uncertainty of quality or
knowledge about CFLs in comparison to IBs and thus may have signifi-
cant spillover effects in increasing overall CFL adoption rates.

These simple simulations likely provide an upper boundon themax-
imum increase that a price subsidy or awareness campaign can have on
adoption rates. This is partly because the model in equation (4) has a
relatively sparse specification that lacks explicit controls for household
income, education, and the quality or efficiency factor of the bulb at dif-
ferent price points. Therefore, themain variables of interest on the price
of CFLs to IBs and beliefs regarding CFLs may simply be capturing some
of these omitted aspects that are less easily changed. In this case, the
models are likely to overestimate the relevancy of changes in these var-
iables on adoption outcomes.

4. Rebound effect in electrical lighting usage

While adoption of CFLs may improve the technical efficiency of a
household's lighting system, the rebound effect predicts less energy
savings thanwhat would be achieved if an IB is replaced with an equiv-
alent capacity CFL and the household does not change its demand for
energy services. An empirical approach is used to estimate the impact
that CFL adoption has on the demand for lighting services. This effect
is decomposed into a capacity and utilization effect. Before continuing
with the empirical analysis the theoretical concept of the rebound effect
is presented to form a basis for understanding how to calculate the re-
bound effect from empirical estimates.

4.1. Theoretical concept

The direct rebound effect implies that efficiency improvements in
one type of energy services may lead to an increase in effective income
of consumers and thus higher demand for this and other types of energy
services. It also reduces the prices of intermediate and final goods that
use this type of energy services as inputs in production, and thus may
increase consumption of these goods. These effects are termed indirect
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and economywide rebound effects, respectively (Greening et al., 2000;
Sorrell and Dimitropoulos, 2008). The existence of rebound effects
suggests that estimating the economic benefits of energy efficiency im-
provements must go beyond simple engineering calculations.

While the different rebound effects differ in the mechanisms, most
studies focus on the direct rebound effect. Following Greening et al.
(2000) and Sorrell and Dimitropoulos (2008), the energy efficiency
(ε) of an energy service is defined as:

ε ¼ S
E
; ð5Þ

where S is the amount of energy service produced per unit of device,
such as lighting output measured by lumen-hours; and E is the amount
of energy input, captured by watt-hours, used to produce S.

Since ∂ε
ε ¼ 1

ε
∂S
E − S∂E

E

� �
¼ ∂S

S −∂E
E , the efficiency elasticity of demand

for energy is

ηε Eð Þ≡ ε∂E
E∂ε ¼ ε∂S

S∂ε−1: ð6Þ

Thus, if the demand for energy services moderately increases due to
energy efficiency improvements, i.e. 1N ε

S
∂S
∂ε N0, the efficiency elasticity

of demand for energy would be smaller than 1 in absolute value. This
implies that higher energy efficiency would not lead to a proportional
reduction in energy consumption. It is also possible that the demand
for energy services may be elastic with respect to energy efficiency im-
provements, i.e. εS

∂S
∂ε N1, so that the efficiency elasticity of demand for en-

ergy would be positive implying an increase in energy consumption in
response to energy efficiency improvements.

1þ ηε Eð Þ ¼ ε∂S
S∂ε ≡ ηε Sð Þ: ð7Þ

For example, if energy consumption decreases by 7% in response to a
10% increase in energy efficiency, the efficiency elasticity of demand for
energy is −0.7. Thus, the rebound effect is 30%, equal to the efficiency
elasticity of demand for energy service.

It is assumed that the amount of energy service required is the prod-
uct of the size or capacity of the device (C) for provision of energy ser-
vice and the utilization of the device (U), i.e. S = CU. For lighting, the
capacity can be measured in lumens a bulb generates while utilization
is captured by the number of hours a bulb is used. Thus,

ε∂S
S∂ε ¼ ε∂C

C∂ε þ
ε∂U
U∂ε : ð8Þ

This shows that the direct rebound effect can be decomposed into
two effects: the enlarged capacity of the energy device and prolonged
use of the device in response to an improvement in energy efficiency.9

4.2. Empirical estimates of the rebound effect

The relationship between household adoption of CFLs and demand
for lighting services can be investigated empirically and used to esti-
mate the size of the rebound effect for the average household.

The empirical regression model used is:

yi ¼ β0 þ β1CFLi þ Xi
0Βþ Di þ εi: ð9Þ
9 The intermediate steps for deriving the capacity and utilization effect come from not-
ing the following mathematical relationships:

ε
S
∂ CUð Þ
∂ε ¼ ε

S
U

∂C
∂ε

� �
þ C

∂U
∂ε

� �� �
¼ ε

S
S
C

� � ∂C
∂ε

� �
þ S

U

� � ∂U
∂ε

� �� �
:

In this model i indexes the household and the dependent variable yi
is log of au, aw, ah, alu or alw. The right had side variables include CFL
which is equal to 1 if there are one or more CFLs in the house or room,
and 0 otherwise; Xi is a vector of respondent and household character-
istics such as main income sources, household size and number of
workers, number of rooms, property type, etc; and Di is a dummy for
the disco electricity distribution utilities which are included to control
for potential supply side effects such as electricity price variations across
regions and quality of energy supplied.

In thismodel, β1 is the key parameter of interest. However, estimation
of β1 is subject to potential endogeneity bias arising fromunobserved fac-
tors such as environmental attitude of the household, availability of var-
ious energy efficient technologies, and knowledge. These variables are
likely to both affect the CFL adoption decision and a household's ob-
served usage of lighting resulting in bias in the coefficient of interest.
Therefore an instrumental variable approach is used where CFL adop-
tion is instrumented using the respondent's CFL knowledge and the
price ratio of CFL to IB in the area. The validity of the identification ap-
proach for estimating the effects of β1 relies on the proposed instru-
ments having a high correlation with CFL adoption, but having little
explicit impact on the usage of lighting services. It is found that
exclusion restrictions of the proposed instruments generally hold as
endogeneity tests reveal that these variables do not enter independent-
ly in themain lighting services equations. Robust standard errors are es-
timated clustering errors by area to account for heterogeneity and intra-
area correlations among themodel residuals. Themodels are run for the
house and several key rooms as different room types have different
usage and burden of usage that are related to preferences for lighting.

Table 5 reports estimates for β1 using a standard regression (OLS)
model (even-numbered columns) and instrumental variables (IV)
model (odd-numbered columns) for different dependent variables
and rooms. Columns 1 through 6 display estimates for the actual aver-
age watt-hours, wattage and daily hours of use per bulb. Columns 7
through 10 display corresponding variables adjusted to account for
lighting capacity. The estimates for the entire house, living, dining and
bedrooms are displayed in the top, second, third and bottom panels, re-
spectively. Due to space limitations, the estimated coefficients for other
control and dummy variables are omitted in the table.

The OLS and IVmodels show some differences in themagnitude and
significance of the impact of the adoption decision on energy choices
and lighting. As IV is considered the valid approach discussion focuses
on estimates from these models. On average, rooms that have adopted
CFLs consume about 76% to 95% less watt-hours per bulb per day (col-
umn 2) than those with no CFLs in the rooms. The reduction is largely
attributable to the reduction in average wattage of bulbs (column 4)
with coefficient estimates statistically significant at the 1% level. Dining
rooms that have adopted CFLs use 27% (~1.3 h) more every day com-
pared to those that have not adopted CFLs (column 6). This differs
with the smaller and less statistically significant estimates for the
house, living room and bedroom.

When the dependent variables are adjusted to capture lighting ca-
pacity or amount of lighting services used by households, some con-
trasting estimates are obtained. Adopting CFLs increases the average
lumen adjusted daily watt-hours per bulb and average lumen adjusted
wattage of each bulb. The effects are statistically significant at the 1%
level for the rooms and the 10% level for the household. These results
point to the existence of rebound effects across different rooms. It also
reflects that enhanced lighting capacity per bulb may be another chan-
nel, besides prolonged use, that causes the rebound effect.

To calculate the size of the rebound effect in household lighting re-
quires using the sample statistics and the estimates on the variable for
CFL adoption specified in equation (9). Let β1(y) be the coefficient esti-
mate of β1 when the dependent variable is log(y). Thus,

β1 auð Þ ¼ ∂E
E∂CFL ð10aÞ



Table 5
Effects of CFL adoption on consumption of lighting energy and services.

Dependent
variables

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

OLS IV OLS IV OLS IV OLS IV OLS IV

log Avg.
W.h.

log Avg.
W.h.

log Avg.
wattage

log Avg.
wattage

log Avg.
hour

log Avg.
hour

log Lum-Adj
W.h.

log Lum-Adj
W.h

log Lum-Adj.
wattage

log Lum-Adj
wattage

CFL in house −0.734⁎⁎⁎

[0.062]
−0.766⁎⁎⁎

[0.108]
−0.773⁎⁎⁎

[0.038]
−0.840⁎⁎⁎

[0.061]
0.040
[0.044]

0.074
[0.077]

0.086
[0.061]

0.232⁎⁎

[0.107]
−0.011
[0.030]

0.095⁎

[0.056]
Observations 3023 3010 3023 3010 3023 3010 3023 3010 3023 3010
R-squared 0.280 0.276 0.509 0.503 0.118 0.117 0.130 0.103 0.178 0.117

CFL living room −0.918⁎⁎⁎

[0.088]
−0.948⁎⁎⁎

[0.178]
−1.134⁎⁎⁎

[0.058]
−1.095⁎⁎⁎

[0.108]
0.216⁎⁎⁎

[0.059]
0.148
[0.129]

0.268⁎⁎⁎

[0.087]
0.385⁎⁎

[0.173]
0.046
[0.050]

0.239⁎⁎

[0.099]
Observations 1019 1019 1020 1020 1019 1019 1019 1019 1020 1020
R-squared 0.428 0.428 0.692 0.691 0.148 0.146 0.290 0.289 0.294 0.289

CFL dining room −1.020⁎⁎⁎

[0.090]
−0.926⁎⁎⁎

[0.144]
−1.054⁎⁎⁎

[0.081]
−1.193⁎⁎⁎

[0.089]
0.035
[0.052]

0.267⁎

[0.145]
0.201⁎⁎

[0.083]
0.496⁎⁎⁎

[0.151]
0.148⁎⁎

[0.063]
0.209⁎⁎⁎

[0.064]
Observations 681 681 681 681 681 681 681 681 681 681
R-squared 0.517 0.515 0.693 0.685 0.305 0.283 0.338 0.256 0.209 0.103

CFL bedroom −0.871⁎⁎⁎

[0.107]
−0.883⁎⁎⁎

[0.131]
−1.028⁎⁎⁎

[0.063]
−1.028⁎⁎⁎

[0.063]
0.158⁎⁎

[0.063]
0.146
[0.108]

0.223⁎⁎

[0.107]
0.365⁎⁎⁎

[0.135]
0.051
[0.057]

0.200⁎⁎⁎

[0.063]
Observations 2444 2432 2445 2433 2444 2432 2444 2432 2445 2433
R-squared 0.354 0.349 0.670 0.668 0.163 0.162 0.141 0.107 0.145 0.017

HH Char. Y Y Y Y Y Y Y Y Y Y
Disco dummy Y Y Y Y Y Y Y Y Y Y

Notes: Standard errors in brackets. Lum-Adj = lumen adjusted; W.H. = watt-hours.
⁎⁎⁎ p b 0.01.
⁎⁎ p b 0.05.
⁎ p b 0.1.

Table 6
Energy efficiency improvement and rebound effects.

House Living room Dining room Bedroom

β1(au) −0.766 −0.948 −0.926 −0.883
β1(alu) 0.232 0.385 0.496 0.365
β1(alw) 0.095 0.239 0.209 0.2
β1(ah) 0.074 0.148 0.267 0.146
1
ε

∂ε
∂CFL 0.998 1.333 1.422 1.248

ηε(E) −0.768 −0.711 −0.651 −0.708
Rebound effect 0.232 0.289 0.349 0.292
Capacity effect 0.095 0.179 0.147 0.160
Utilization effect 0.074 0.111 0.188 0.117

Note: Rebound effect estimates and computations based on estimates from Table 2 and 5.
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β1 aluð Þ ¼ ∂S
S∂CFL ð10bÞ

β1 alwð Þ ¼ ∂C
C∂CFL ð10cÞ

β1 ahð Þ ¼ ∂U
U∂CFL : ð10dÞ

The average percentage of efficiency improvement from adopting
CFLs is

∂ε
ε∂CFL ¼ ∂S

S∂CFL−
∂E

E∂CFL ¼ β1 aluð Þ−β1 auð Þ: ð11Þ

The efficiency elasticity of energy demand can be obtained as
follows,

ηε Eð Þ ¼ ε∂E
E∂ε ¼

∂E
E∂CFL
∂ε

ε∂CFL

¼ β1 auð Þ
β1 aluð Þ−β1 auð Þ : ð12Þ

The rebound effect is then,

ηε Sð Þ ¼ 1þ ηε Eð Þ ¼ β1 aluð Þ
β1 aluð Þ−β1 auð Þ : ð13Þ

The rebound effect can then be decomposed into a capacity effect
and a utilization effect:

ηε Cð Þ ¼ ε∂C
C∂ε ¼

∂C
C∂CFL
∂ε

ε∂CFL

¼ β1 alwð Þ
β1 aluð Þ−β1 auð Þ ð14aÞ
ηε Uð Þ ¼ ε∂U
U∂ε ¼

∂U
U∂CFL
∂ε

ε∂CFL

¼ β1 ahð Þ
β1 aluð Þ−β1 auð Þ : ð14bÞ

Table 6 shows the estimates of the rebound effects for the house and
the rooms. The first four rows present estimates of β1 that are used for
calculating the rebound effects. The estimates suggest that if a house-
hold switches to CFLs they will improve efficiency of their lighting sys-
tem by 100%–140%. The efficiency elasticity of energy demand
reflecting the response of energy demand to efficiency improvements
in lighting through CFLs is between −77% and −65% with the corre-
sponding rebound effects ranging between 23% and 35%. This means
that for every 10% of energy efficiency improvement due to advanced
lighting technology, 2.3–3.5% of potential energy savings will be offset
by the households consuming more lighting services by either making
rooms brighter or leaving lights on longer. As a result, a 10% increase
in lighting efficiency results in about 6.5–7.7% increase in actual energy
savings. The dining room is found to have the largest rebound effect reg-
istered at 35%.

Decomposition of the rebound effect into a capacity effect and a uti-
lization effect yields interesting variations across room types. The last
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two rows of Table 6 show that the capacity effect contributes more to
the rebound effect than the utilization effect except for the dining
room. For the living room, adoption of CFLs results in the average house-
hold increasing their lighting capacity by 18% and extending the daily uti-
lization by 11%. In the bedroom the average household increases lighting
capacity by 16% and utilization by 12%. In the dining room, however, the
capacity effect (15%) is four percentage points smaller than the utilization
effect (19%) from CFL adoption. This result suggests a higher propensity
for a household to leave lights on longer or spendmore time in the dining
room due to the increased efficiency of lighting from CFL adoption. This
stark difference between the dining, living and bedrooms demonstrates
the importance of lighting to a household's domestic activities, and
the extent to which people's choice of lighting services, made possible
by the technology, is shaped by different characteristics of these
activities.

Nevertheless, it is possible that the capacity and utilization rebound
effectsmay simply be a construction of the assumption that the efficiency
factor of a CFL to an IB ranges between 3 and 5 and can be determined
based on relative price of CFL and a respondent's beliefs on the life of a
CFL versus an IB. To examine the robustness of the results, we further re-
laxed the assumption and tested variations where the efficiency factor
instead ranged from 2 to 5. The estimated rebound effect was larger for
the dining room at 37% while the rebound effect for the living room
was 3 percentage points smaller at 26%. It also resulted in a lowerweight
being placed on the capacity effect compared to the utilization effect for
the house and rooms by about 2 percentage points.We also explored an-
other scenario where the efficiency factor was a constant 4 for all house-
holds. The results resulted in a smaller range for the rebound effect across
the house and different rooms of 27 to 34%. Inevitably there is some error
introduced in the process of computing the rebound effect. However, the
overall rebound effect of 23% from the CFL adoption for households in Pa-
kistan, based on watt-hours of consumption, is close in range to the 20%
rebound effect found from free distribution of CFLs utilizing household
micro-level data in Ethiopia by Costalanski et al. (2013).

5. Conclusion

Increasing energy efficiency offers a solution that reduces the need
for energywhilemaintaining or even increasing the consumption of en-
ergy services. Thus, programs that induce wide scale increases in more
energy efficient technology, such as those that replace CFLs with IBs,
have a potential to make a major impact on energy shortfalls. If these
programs are sufficiently successful, not only will electricity not be an
impediment to economic growth, but environmental quality may im-
prove if overall energy consumption is reduced.

Yet, the evidence reveals that uncertainty over the quality of CFLs
and the high relative price of CFLs compared to IBs makes it difficult
for CFLs to effectively compete with IBs. This may potentially be a chal-
lenge toward ensuring continued improvements in energy efficiency of
lighting systems. This may be a major reason why there is underinvest-
ment in more efficient lighting technologies despite lower energy costs
paying for the difference in the price of the CFL bulb within months of
replacing an IB. Unless there are sufficient informational campaigns
and quality guarantees that can be placed on CFL bulb purchases, house-
holds may continue to purchase IBs. Resolving the uncertainty over the
quality of CFLsmaydomore for energy efficient adoption in the long run
than subsidizing the price of more efficient CFLs.

However, energy efficient adoption is less effective at closing the gap
in energy shortages due to the rebound effect. Our study finds that po-
tential energy savings that could be achieved through CFL adoption
that increases energy efficiency is reduced by as much as 34%. Incorpo-
rating and updating estimates of rebound effects are ultimately crucial
for policy planning of energy supply and climate change scenarios. If re-
bound effects are greatly underestimated, shortfalls and impediments
to economic growth may worsen and increased environmental degra-
dation may occur without additional complementary policies designed
to reduce energy consumption or increase energy supply.

The rebound effect that occurs from increases in lighting usage or
brightness of a room is potentially a luxury, with only minimal economic
benefits, that arises because of the reduction in the cost of lighting services.
Therefore, combining informational campaigns that encourage adoption
by reducing uncertainty over the quality of CFLs with campaigns which
pressure households to be more cognizant of their energy consumption
may be helpful in reducing the size of the rebound effect. Such campaigns
have been shown to have a positive effect in increasing energy efficiency
and reducing wasteful energy consumption (Allcott and Mullainathan,
2010; Herberich et al, 2011; Reiss and White, 2008). Future research
relying on a broader range of data therefore has an important role in
improving our understanding of the size of the rebound effect and
how it differs over the distribution of households so targeted policies
can be designed that ensures that goals for reducing energy demands
are met.
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.eneco.2013.07.006.
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