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Abstract
Fuelwood scarcity creates a widespread environmental problem that places a major burden
on women and children in the rural areas of developing countries. Consequently, many gov-
ernments, donors and non-governmental organizations have encouraged on-farm fuelwood
production and agroforestry practices. Whether, however, fuelwood from different sources
can be easily substituted is an important empirical question as the degree of substitutabil-
ity can depend on local markets and households’ resource endowments and incomes. In this
paper, we examine the substitution between three fuelwood sources among rural households
in western Kenya: fuelwood collected off-farm, fuelwood produced on-farm, and that which
is purchased. Using household-specific shadow prices for fuelwood and male and female
wages, we find that strict gender divisions in household labor result in limited substitution
between fuelwood sources. Among the implications are that programs and policies promot-
ing agroforestry will have limited success without first addressing the structural differences
in labor markets.

Keywords: Africa; economic development; environment; forestry; fuelwood; gender; household energy
demand

1. Introduction
Much of the world’s population, especially the poor in rural areas of developing coun-
tries, rely on biomass (crop residues, animal dung, and fuelwood) for basic household
energy requirements. In rural Sub-Saharan Africa (SSA), for example, 80 per cent of the
population depends on biomass for daily cooking fuel, with most of the biomass com-
ing from fuelwood (International Energy Agency, 2014). This dependency on fuelwood
carries many implications for the environment and for households’ livelihoods, gender
roles, and health.

The environmental impacts of fuelwood use include greenhouse gas (GHG) emis-
sions and deforestation. In the year 2000, net residential GHG emissions in SSA totaled
79 million metric tons of carbon (MtC), 61 per cent of which were due to fuelwood use

© Cambridge University Press 2018

https://doi.org/10.1017/S1355770X1800027X Published online by Cambridge University Press

https://doi.org/10.1017/S1355770X1800027X


656 David M. A. Murphy et al.

(Bailis et al., 2005). These emissions are projected to increase. Under a ‘business as usual’
scenario, cumulative residential GHG emissions in SSA are estimated to reach 6.7 bil-
lion tons of carbon by 2050, or 134MtC per year – the equivalent of more than four large
coal-fired power plants operating at full capacity over the period (WorldWide Fund for
Nature, 2007). Fuelwood off-farm collection, along with charcoal production, also con-
tributes to widespread deforestation (Hosonuma et al., 2012). From all sources, the last
decade witnessed 13 million hectares of trees lost every year globally (Food and Agricul-
ture Organization, 2010), including 290,000 hectares in Africa (Joint Research Center:
The European Commission, 2013). Other environmental concerns include the loss of
animal habitat and decreases in soil nutrients and moisture, leading to desertification
(World Meteorological Organization, 2010).

In addition to environmental concerns, the use of fuelwood as an energy source places
a particular burden on women in the household, given that women in SSA are often
responsible for both fuelwood collection and food preparation. Increasing scarcity of
fuelwood means increasing collection times. This adds to the labor burden of women,
as traditional roles such as raising children, cooking, and other household tasks create
a ‘double workday’ and mean that women often work much longer hours than their
male spouses (Kes and Swaminathan, 2006). Moreover, smoke from all biomass sources
(including fuelwood) is associated withmillions of deaths per year in SSA due to respira-
tory diseases (Lim et al., 2012). As incomes increase, households are unlikely to quickly
switch in large numbers to more modern fuels such as kerosene or liquefied petroleum
gas (LPG) (Cooke et al., 2008). Instead, households often engage in ‘fuel stacking,’ grad-
ually adding new sources of energy while continuing to consume traditional biomass
such as fuelwood (Masera et al., 2000; Van Der Kroon et al., 2013).

Renewable forestry management has frequently been viewed as a potential remedy
for these related problems. On-farm fuelwood production and agroforestry, for exam-
ple, can reduce the environmental impacts of fuelwood and charcoal use (Mbow et al.,
2014) andmitigate household search costs associatedwith deforestation. Since the 1970s,
many research and non-governmental organizations have focused on promoting agro-
forestry in SSA,1 with many projects paying particular attention to transferring agro-
forestry skills to women (Bradley and Huby, 1993; Maathai, 1993; Kiptot and Franzel,
2012). These projects have been influential in shifting on-farm tree management from
non-fuelwood uses to fuelwood usage and in increasing the absolute number of trees
on-farm.

The main goals of this paper are to investigate: 1) whether household fuelwood
sources (fuelwood collected off-farm, that produced on-farm, or purchased) are close
substitutes or differentiated products, and 2) whether gender roles persist in fuelwood
on-farmproduction andoff-farmcollection. Few studies have analyzedwhethermultiple
fuelwood sources themselves are close substitutes to one another using shadow prices.
The answer to this question, however, can have important implications for policies cen-
tered on reducing forest degradation or promoting agroforestry to produce a renewable
fuelwood source. Most of the empirical literature examining household energy needs
thus far has focused on understanding the substitution between aggregate fuelwood con-
sumption (or consumption from a single source) and other biomass options such as

1In Kenya, for example, the Green BeltMovement and the Stockholm Environmental Institute are two of
the best known organizations. TheWorld Agroforestry Centre (ICRAF) is also very active in the promotion
of agroforestry in the area studied here.
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Table 1. Estimates of fuelwood elasticities from the existing literature

Variable Demand elasticity Labor elasticity

Total
Collection

Source Per-Unit Own-Price N Time N Location

Amacher et al.
(1993)

Collection
Time

−0.157* 89 Nepal

Amacher et al.
(1996)†

Market Price −1.69***/−.59* 286/240 .82***/.97* 286/240 Nepal

Cooke (1998a) Shadow Cost −0.25*** 101 1.02*** 101 Nepal

Mekonnen (1999) Shadow Cost −0.40*** 419 Ethiopia

Amacher et al.
(1999)†

Market Price −.21*/−1.47* 286/240 Nepal

Heltberg et al.
(2000)

Collection
Time

−0.11* 178 0.89* 176 India

Palmer and
MacGregor
(2009)

Collection
Time

−0.05* 172 0.04*** 172 Namibia

Baland et al.
(2010)

Shadow Cost −.134* 2190 Nepal

Notes: †These papers provide elasticity estimates for two distinct populations and do not provide a combined estimate.
*** p < 0.01, * p < 0.1, – not statistically significant.

agricultural residues, and has relied on data from South Asia, with only a few studies of
fuelwood demand in SSA (table 1).

We examine fuelwood substitution and gender roles in the context of western Kenya.
In the area of our study, fuelwood markets are imperfect and household production
and consumption decisions are non-separable.2 Following Heltberg et al. (2000) and
Palmer and MacGregor (2009), we modify the agricultural household model to focus
on the substitution among different fuelwood sources and on the role of a household’s
labor endowment. Empirically, we first estimate shadow prices for different fuelwood
sources using household-specific male and female wages. Controlling for potential selec-
tion bias and endogeneity, we then estimate demand equations for different sources of
fuelwood: fuelwood collected off-farm, fuelwood produced on-farm, and that bought
at the market. The data used in the empirical estimation come from a recent detailed
production and consumption survey of over 300 households in thewesternKenyanhigh-
lands (Berazneva et al., 2017). Since the majority of existing fuelwood demand studies
focus on South Asia, our analysis offers new evidence of fuelwood consumption patterns
in East Africa.

We show that cross-price elasticities between fuelwood sources are very low (rang-
ing from 0.02 to 0.24), suggesting that Kenyan households do not readily substitute
between fuelwood sources. As expected, we also find that own-price demand elastic-
ities for non-purchased fuelwood are negative and inelastic (−0.55 to −0.61). As the

2We test for and confirm non-separability in the household energy market following Dillon and Barrett
(2017).
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implicit cost increases for a particular source of fuelwood, there is only limited substi-
tution with other fuelwood sources. This limited substitution is, we suggest, partially
explained by gender roles. The data show that women are primary collectors of fuelwood
off-farm and men are primary producers of fuelwood on-farm. This gender division is
also reflected in the econometric results, with female and male shadow wages tied to
off-farm fuelwood collection and on-farm fuelwood production, respectively. It appears
that the lack of labor substitutability contributes to limited opportunities to substitute
between fuelwood sources.

This paper is related to a rich body of research in economics that examines household
energy decisions. As fuelwood scarcity increases, households react to the rising implicit
cost of obtaining fuelwood in various ways: they substitute other fuels, purchase fuel-
wood from the market, plant trees on their own farm, adopt higher efficiency stoves,
or increase off-farm collection times (see Cooke et al. (2008) for a review of the litera-
ture). The empirical evidence in support of these hypotheses, however, has been mixed.
Several studies that look at the use of fuelwood, crop residues, and animal dung find no
evidence of substitution (Pattanayak et al., 2004; Palmer and MacGregor, 2009; Damte
et al., 2012), while others find evidence of complementarity between fuelwood and cut
grass and leaf fodder (Cooke, 1998a) and animal dung (Mekonnen, 1999). Other stud-
ies analyze fuelwood sourcing from forest reserves. Cooke (2014), for example, shows
that the level of restrictions on fuelwood collection in the community managed forests
in South Asia determines the quantity that is collected from other sources, while in
Uganda, Miteva et al. (2017) find that proximity to forest resources increases the like-
lihood of fuelwood collection (and the likelihood of purchasing fuelwood increases as
the distance to market decreases). Amacher et al. (1993), Amacher et al. (1996, 1999)
and Pattanayak et al. (2004) find that owning more efficient stoves leads to a significant
decrease in fuelwood consumption, although Heltberg et al. (2000) find no such effect.
Finally, the response of labor supply to increases in the scarcity of fuelwood (and in the
implicit cost of fuelwood) is always positive, but the evidence is mixed as to whether the
magnitude is greater than or less than that of the own-price elasticity (Amacher et al.,
1996; Cooke, 1998a; Heltberg et al., 2000; Palmer and MacGregor, 2009).

To our knowledge, no existing study has specifically focused on the substitution
among rural households’ threemajor sources of fuelwood – fuelwood collected off-farm,
produced on-farm, and purchased. In perfectly functioning fuelwood and labormarkets,
the costs of the fuelwood coming from different sources would be equal (given the same
quality of fuelwood demanded). Market imperfections, however, can create divergences
between the household-specific implicit or shadow prices of different fuelwood sources
and the market price, and can lead to source-specific own-price and cross-price elas-
ticities. Several studies that estimate the demand for off-farm collection and on-farm
fuelwood production do not, however, estimate cross-price elasticities to measure their
substitution (Amacher et al., 1993; Heltberg et al., 2000). They also use collection time
as a proxy variable for the shadow price and, in the case of Heltberg et al. (2000), com-
bine fuelwood produced on-farm with crop residues and animal dung. In contrast, we
estimate own-price elasticities for three separate fuelwood sources using shadow prices
and market prices, and then analyze the substitution patterns among the sources given
by cross-price elasticities. An understanding of household substitution among fuelwood
sources can help reveal whether households treat fuelwood as a homogeneous product,
as is often implicitly assumed in the literature, or whether it is a differentiated product
based on its source. If indeed households do differentiate among fuelwood based on its
source and if strong preferences exist for certain fuelwood sources, policies that promote
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agroforestry will likely be ineffective unless the factors influencing these preferences are
first addressed.

The rest of this paper is organized as follows. In section 2 we describe the background
to the research area and data collected inwesternKenya in 2011–2012. Section 3 presents
a non-separable agricultural household model that takes into account the various fuel-
wood sources and household labor endowments. In section 4 we describe our empirical
strategy, which includes maximum likelihood estimation of the Heckman estimators
to control for selection bias in the imputed wages and fuelwood source groups, and
two-stage least squares estimation to control for endogeneity in the shadow prices. We
present our results in section 5 and highlight their management and policy implications
in section 6.

2. Background
Forests cover less than 7 per cent of Kenya’s land area, yet theymake a significant contri-
bution to the national economy and providemany direct and indirect goods and services
to its people (Republic of Kenya: Ministry of Environment, 2014). Historically, Kenyan
forests have been cleared both to create land for agriculture and for the sale and sub-
sistence use of forest products. In recent years, deforestation has been largely driven
by the latter, as the private consumption of forest products doubled between 2000 and
2010 (Crafford et al., 2012). The rate of deforestation has averaged about 5000 hectares
per year in the Kenyan montane forests (Crafford et al., 2012) and has had substantial
effects on many aspects of the Kenyan environment and economy. Evidence suggests,
for example, that deforestation has raised ambient surface temperatures and increased
the incidence of malaria (Yasuoka and Levins, 2007), augmented river sedimentation
and harmed fish habitats (Simonit and Perrings, 2011), and reduced water flow used for
irrigation and energy production by hydropower plants (Crafford et al., 2012), among
other impacts. The impacts of deforestation have been estimated to have cost the Kenyan
economy 5.8 billion Kenyan shillings (USD69 million) in 2010 (Crafford et al., 2012).

Roughly 80 per cent of Kenyan households and businesses still depend on fuel-
wood as a primary energy source (Republic of Kenya: Ministry of Environment, 2014).
The Kenyan government and many non-governmental organizations have promoted
private tree cultivation on household lots in an effort to curb further deforestation
(see, for example, Kenya Forest Service, 2009; Mathu, 2011). As a result of these long-
standing policies and programs, fuelwood in rural Kenya is often collected both from
off-farm sources and from private farm woodlots. In many villages, fuelwood is also
purchased either from neighbors or in local markets. The labor division in fuelwood
sourcing is strict. Similar to women in other SSA countries, women in Kenya are
engaged both in ‘productive’ activities, such as fuelwood and water collection, and
‘reproductive’ activities, such as cooking, cleaning, and childcare (Kes and Swaminathan,
2006). Men, on the other hand, are generally engaged only in ‘productive’ activities,
both on-farm (growing crops and trees, rearing livestock) and off-farm wage labor.
The ‘double workday’ for women often means that women work longer hours than
men, which limits their opportunity for participation in the off-farm labor market
(Kes and Swaminathan, 2006).

Qualitative studies from the early 1990s show strong cultural taboos against women
participating in on-farm tree management (Chavangi and Adoyo, 1993; Kiptot and
Franzel, 2012; Mugure and Oino, 2013). In Kakamega County in western Kenya, for
example, the belief exists that ‘if a woman plants a tree, she will become barren’
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(Chavangi and Adoyo, 1993: 66). This differs from practices in South Asia: while
Amacher et al. (1993) and Heltberg et al. (2000) find that women and children are the
primary collectors of fuelwood off-farm and men are the primary collectors on-farm,
Kohlin and Amacher (2005) and St. Clair (2016) show significant contributions of men
to off-farm fuelwood collection in India andNepal, respectively. In data collected for this
study, 94 per cent of primary fuelwood collectors off-farm are women and 67 per cent of
on-farm woodlots are managed by men.We reflect these gender differences in fuelwood
collection in our theoreticalmodel below and subsequently empirically test whethermale
or female shadowwages are correlated with a particularmethod of fuelwood acquisition.

The household data used in our analysis were collected in 2011–2012 in 15 vil-
lages in Kakamega, Kericho, Kisumu, Siaya, Uasin Gishu, and Vihiga counties of Kenya
(Berazneva et al., 2017).3 The full survey included 21 randomly sampled households in
each village and covered a wide range of Living Standards Measurement Study (LSMS)
components. Importantly, the survey included a detailed module on household energy
consumption and production from all available sources. Households were asked about
their energy use from fuelwood, agricultural residues, charcoal, kerosene, LPG, and elec-
tricity during each month of the 2011 calendar year, as well the sourcing of energy from
on-farm, off-farm, and market.

The vast majority of households in the sample (98 per cent) use fuelwood as a pri-
mary source of cooking energy and most acquire their fuelwood from more than one
location. In the research area, land is privately owned. While the majority of households
reports collecting fuelwood fromneighboring farms or unfarmed area in their communi-
ties, paying access fees is not common. A small number of households reports collecting
fuelwood from government forest reserves. These forest reserves do have restrictions on
fuelwood collection activities, but anecdotal evidence suggests that they are not often
enforced. Only a small portion of households (about 15 per cent) grows trees on ded-
icated woodlots that are generally close to the homestead; most households grow trees
on their farms – along the farm boundaries, plot edges, and scattered throughout plots.
The majority of trees are planted by households (very few are native species left from
land clearing). Main species are Eucalyptus saligna, Cupressus lusitanica, Markhamia
lutea, Grevillea robusta, Persea Americana, Psidium guajava,Mangifera indica, and Ses-
bania sesban, among others, and many are planted with several goals in mind: fuelwood
production, erosion control, property boundaries, shade around the homestead, etc.

In our analysis, following themethodology of Acharya and Barbier (2002) and Palmer
andMacGregor (2009), if a household uses fuelwood fromdifferent sources, we consider
the household to be present in each of the three source groups. For example, a household
that obtains fuelwood both from off-farm and on-farm sources is considered to be both
in the off-farm fuelwood collection group and the on-farm production fuelwood group.
As a consequence, as in table 2, the total number of observations in the three fuelwood
groups added together is greater than the total number of households in the sample.

Several differences among source groups are immediately apparent (table 2). Fuel-
wood buyers, for example, on average have larger households, higher annual incomes
(though not per capita incomes), more education, and less land area than the other two
groups. All of these differences are to be expected. Households with greater incomes
can more readily afford to buy fuelwood, and smaller land areas mean less room for

3Three villages were randomly selected from each of the five 10-kilometer blocks, originally used in the
WesternKenya Integrated EcosystemManagement Project that was implemented by theKenyaAgricultural
Research Institute and the World Agroforestry Center in 2005–2010.
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Table 2. Summary statistics

Variables Collectors Non-Collectors Producers Non-Producers Buyers Non-Buyers

Household Measures

Asset Index −0.23 (0.052) 0.12 (0.071)*** 0.0021 (0.062) −0.17 (0.12) 0.16 (0.096) −0.13 (0.066)***
Off-Farm Income Ratio 0.63 (0.029) 0.54 (0.027)** 0.55 (0.023) 0.69 (0.046)*** 0.58 (0.035) 0.58 (0.025)

Number of Children 5.98 (0.30) 5.99 (0.26) 6.01 (0.22) 5.86 (0.45) 6.40 (0.35) 5.77 (0.24)

Household Size 6.36 (0.19) 5.84 (0.19)* 6.03 (0.16) 6.21 (0.32) 6.75 (0.25) 5.71 (0.17)***

Adult Males 1.75 (0.10) 1.78 (0.10) 1.72 (0.08) 1.95 (0.16) 1.99 (0.13) 1.65 (0.09)**

Adult Females 1.75 (0.09) 1.77 (0.08) 1.79 (0.07) 1.71 (0.13) 2.02 (0.12) 1.65 (0.07)***

Female Children 1.33 (0.10) 1.15 (0.10) 1.24 (0.08) 1.16 (0.16) 1.41 (0.12) 1.13 (0.08)*

Number of Trees 114 (11.2) 144 (9.86)* 140 (8.61) 94.5 (16.8)** 131 (13.2) 131 (9.20)

Household Head Measures

Age 48.6 (1.37) 54.0 (1.16)*** 52.2 (0.94) 49.2 (2.01) 51.3 (1.51) 51.8 (1.09)

Gender (1 = Male) 0.82 (0.033) 0.79 (0.030) 0.82 (0.025) 0.74 (0.052) 0.83 (0.038) 0.80 (0.028)

Years of Education 6.69 (0.34) 6.54 (0.34) 6.77 (0.28) 5.91 (0.58) 7.23 (0.44) 6.28 (0.31)*

Financials (KES)

Household Income 104,684 (8,237) 145,662 (11,249)** 123,861 (9,233) 144,446 (19,414) 148,905 (15,600) 116,862 (10,467)*

Per Cap. Household Income 16,662 (1,402) 24,161 (1,780)*** 20,451 (1,470) 22,750 (3,083) 22,017 (2,254) 20,315 (1,669)

Share of Family (%)

Off-farm Emp. (Women) 0.32 (0.041) 0.28 (0.035) 0.28 (0.029) 0.40 (0.060)* 0.30 (0.045) 0.30 (0.033)

Off-farm Emp. (Men) 0.56 (0.044) 0.48 (0.038) 0.48 (0.032) 0.66 (0.065)** 0.57 (0.049) 0.48 (0.036)

Share of Women in Household 0.50 (0.016) 0.52 (0.016) 0.51 (0.014) 0.47 (0.028) 0.51 (0.020) 0.50 (0.015)

(continued)
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Table 2. Continued

Variables Collectors Non-Collectors Producers Non-Producers Buyers Non-Buyers

Distance Measure (KM)

Village Center 0.36 (0.022) 0.46 (0.024)*** 0.43 (0.022) 0.36 (0.042) 0.39 (0.025) 0.43 (0.023)

Area Measure (Acres)

Land 2.72 (0.25) 5.93 (0.75)*** 5.08 (0.70) 2.27 (1.30)* 2.67 (0.22) 5.50 (0.70)**

Tropical Livestock Units (TLU)

Herd Size 1.99 (0.21) 2.69 (0.21)** 2.58 (0.18) 1.54 (0.35)*** 2.22 (0.23) 2.47 (0.19)

N 131 173 243 61 103 201

Notes: Standard deviations located next to respective means. Total sample is 304 observations. The three category sets are not mutually exclusive. *** p < 0.01, **p < 0.05, *p < 0.1.
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on-farm woodlots. Off-farm collectors, on the other hand, have the lowest mean income
of the three groups, have younger household heads, a lower number of trees on-farm,
smaller land parcels, and have a lower asset index.4 In addition, lower incomes among
fuelwood off-farm collectors limit fuelwood purchases and fewer on-farm trees imply
lower fuelwood production from private woodlots. Finally, on-farm fuelwood produc-
ers have larger landholdings, a greater absolute number of trees, a larger herd size, lower
wages for men and women, and a smaller share of income earned off the farm. Larger
landholdings suggest lower opportunity costs for on-farm woodlots, all else being equal,
as more land is available for tree cultivation. A larger herd size and smaller share of
income earned off-farm suggest that on-farm fuelwood producers expend more labor
hours working on-farm. This may lead to lower opportunity costs of on-farm produc-
tion as farmers may be able to practice tree management concurrent with other on-farm
activities.

3. Theoretical household model
In rural Kenya, as elsewhere in SSA, a typical household consumes much of its own pro-
duction. As a result, and given likely imperfections in markets for both labor and goods,
marketwagesmaynot reflect household opportunity costswhen it comes to off-farm col-
lection and on-farm fuelwood production (Skoufias, 1994; Amacher et al., 1996). While
hired labor is used in this part of Kenya for agricultural activities, no households in our
sample hired labor for fuelwood acquisition. In a constrained labor market, labor allo-
cated to private energy collection is thus subject to an unobserved shadow wage that
forms the basis for households’ production decisions (Strauss, 1986). In our dataset, 63
per cent of households consuming fuelwood purchased none from the market.

The opportunity cost, as measured by the shadow price or shadow cost, of fuel-
wood for these households can therefore be substantially different from the market
price. Strauss (1986), Jacoby (1993), and Skoufias (1994) were among the first to develop
the concept of shadow wages and shadow prices in a general agricultural context, and
Amacher et al. (1996) were first to apply it specifically to fuelwood. Heltberg et al. (2000)
and Palmer and MacGregor (2009) extended the non-separable agricultural household
model to focus on traditional energy substitutes and, in the case of Palmer and Mac-
Gregor (2009), the substitution between fuelwood collected and purchased.We build on
their model and include three different fuelwood sources (fuelwood collected off-farm,
fuelwood produced on-farm, and that purchased), as well as accounting for the substitu-
tion of fuelwood with traditional fuels (e.g., agricultural residues) and other alternatives
(e.g., kerosene).

More formally, let a representative agricultural household maximize a monotonic,
continuous, quasi-concave utility function U:

MaxU
CE ,CX ,CM

L ,CF
L

= U(CE,CX ,CM
L ,CF

L ; z
h), (1)

where CE stands for consumed goods requiring energy inputs, CX represents all other
consumed goods, CM

L is leisure consumed by men in the household, CF
L is leisure con-

sumed by women in the household, and zh is a vector of household characteristics that
affect consumption.

4Following Sahn and Stifel (2003), an asset index is derived from a factor analysis on household durables
and housing quality (table A1 in the online appendix).
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Household goods CE are produced according to function θ using a mixture of energy
types and technology:

CE = θ(CFW ,CB,CA; S). (2)

Here, CFW represents fuelwood consumed, which can be from fuelwood collected off-
farm, produced on-farm, or purchased.CB stands for other traditional biomass fuels such
as crop or animal residues usually produced on farm, CA represents the consumption of
more advanced fuels such as kerosene, and S represents stove technology.

Based on our data from Kenya, in our model we assume women are the primary col-
lectors of fuelwood off-farm and men are the primary producers of fuelwood on-farm.
We also assume that male and female labor is not perfectly substitutable. Therefore, the
consumption of leisure in the model is divided between women and men, CF,M

L , and is
given by:

CF,M
L = LF,M − lF,MAG − lF,Moff − lF,MFW , (3)

where L is the total endowment of labor, lAG is labor devoted to agricultural activities, loff
is off-farm labor, and lFW is labor allocated to fuelwood on-farm production or off-farm
collection. Fuelwood production on-farm (P) and fuelwood collection off-farm (C) are
given by continuous, quasi-concave functions of household labor:

qPFW = f PFW(l
M
FW ; zPFW), (4)

qCFW = f CFW(l
F
FW ; zCFW), (5)

where qFW is the quantity of fuelwood produced on-farm or collected off-farm and zFW
includes other household characteristics.

For simplicity5 we assume that all fuelwood collected off-farm, produced on-farm, or
purchased by the household is consumed such that

qBFW = CFW − qPFW − qCFW ≥ 0, (6)

where qBFW is the quantity of fuelwood bought by a household. Net consumption is posi-
tive for buyers and equal to zero for non-buyers. The agricultural production, qAG, is
a function of male and female labor (lAG), agricultural residues used for soil fertility
management and animal feed (qB), agricultural inputs such as land (aAG), and other
household endowments (zAG), as follows:

qAG = fAG(lMAG, l
F
AG, qB, aAG; z

AG), (7)

qB = αqAG − aAG, (8)

where α is the proportion of the agricultural production that results in residues, so that
qB is the amount of residues left after use for agricultural production.

The household budget constraint is given by equation (9):

PXCX + PFW(CFW − qPFW − qCFW)+ PACA = PAGqAG + wMlMoff + wFlFoff + V , (9)

where PX , PFW , PA, PAG are the prices of the respective goods, wM,F are wage rates for
men and women, and V represents other household income such as remittances.

5Only 12 households in the sample (4 per cent) sell fuelwood.
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Assuming an interior solution and substituting equations (2) and (3) into
equation (1), we thus have the following Lagrangian:

L = U[θ(CFW ,CB,CA; S),CX , LM − lMAG − lMoff − lMFW , LF − lFAG − lFoff − lFFW ; zh]

− λ[PXCX + PFW(CFW − qPFW − qCFW)+ PACA − PAGqAG

− wMlMoff − wFlFoff − V]

− μAG[qAG − fAG(lMAG, l
F
AG,αqAG − qB; zAG)] − μP

FW[qPFW − f PFW(l
M
FW ; zPFW)]

− μC
FW[qCFW − f CFW(l

F
FW ; zCFW)] + η[CFW − qPFW − qCFW)], (10)

where λ, μ, and η are the multipliers on the budget, production, and consumption con-
straints.We also assume that the shadow prices of fuelwood and agricultural production
(e.g., yields) are positive (μAG, μFW > 0).

Selected first-order conditions for utility maximization are given as:

∂L
∂CFW

= ∂U
∂θ

∂θ

∂CFW
− λPFW + η = 0, (11)

∂L
∂CX

= ∂U
∂CX

− λPX = 0, (12)

∂L
∂qAG

= λPAG + μAG

[
α
∂fAG
∂qAG

− 1
]

= 0, (13)

∂L
∂qPFW

= λPFW − μP
FW − η = 0, (14)

∂L
∂qCFW

= λPFW − μC
FW − η = 0, (15)

∂L
∂ lF,MAG

= μAG
∂fAG
∂ lF,MAG

− ∂U
∂CF,M

L
= 0, (16)

∂L
∂ lF,Moff

= λwF,M − ∂U
∂CF,M

L
= 0, (17)

∂L
∂ lFFW

= μC
FW
∂f CFW
∂ lFFW

− ∂U
∂CF

L
= 0, (18)

∂L
∂ lMFW

= μP
FW
∂f PFW
∂ lMFW

− ∂U
∂CM

L
= 0, (19)

CFW − qPFW − qCFW ≥ 0. (20)

Rearranging the first-order conditions produces a number of important relationships.
Equations (11), (14), and (15), for example, suggest that the marginal utility of fuelwood
consumption is equal to the shadow price of fuelwood:

∂U
∂θ

∂θ

∂CFW
= λ

(
PFW − η

λ

)
= μP

FW = μC
FW , (21)
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where μP
FW and μC

FW are, respectively, the shadow prices of on-farm fuelwood pro-
duction and off-farm fuelwood collection, which in equilibrium are equal. In practice,
however, these shadow prices can differ due to household preferences, lack of substi-
tutability of labor between male and female household members, and environmental
factors, among other reasons.

Rearranging equations (16)–(19), we have:

∂U
∂CL

F = μC
FW
∂f CFW
∂ lFFW

= μAG
∂fAG
∂ lFAG

= λwF , (22)

∂U
∂CL

M = μP
FW
∂f PFW
∂ lMFW

= μAG
∂fAG
∂ lMAG

= λwM . (23)

Equations (22) and (23) demonstrate that the marginal utility of leisure is equal to the
marginal value product of labor in fuelwoodproduction on-farm/off-farm collection and
the marginal value product of labor in agriculture, which also depends on the household
specific wage rate for men and women. The non-separability of households’ on-farm
and off-farm fuelwood consumption decisions thus implies that household labor activi-
ties are subject to household-specific unobserved opportunity costs or shadow prices. In
particular, the household consumption of fuelwood depends on the household-specific
shadow price of fuelwood (for non-buyers), which is further divided into the shadow
prices of on-farm production, μP

FW , and off-farm collection, μC
FW .

From the first-order conditions we also obtain the following reduced-form equa-
tions for the quantity of fuelwood produced on-farm, qPFW , collected off-farm, qCFW , and
purchased, qBFW :

qPFW

qCFW

qBFW

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

= f (PFW , PX , PAG, PA,wF,M , zh, zP,CFW , L, S,V). (24)

It is not clear whether the price of fuelwood, PFW , must be the market price in the case of
fuelwood collected off-farm or produced on-farm in a labor constrained market. More
likely, the price is endogenous and a function of shadow prices. The wage rate, wF,M , is
also not exogenous but a function of implicit household wage rates.

4. Estimation strategy
In order to estimate the demand equations (equation (24)), we first need to estimate
shadow prices of fuelwood from different sources that take into account the opportunity
costs of production on-farm and collection off-farm. The shadow price of off-farm fuel-
wood collection, for example, captures the time spent collecting fuelwood off-farm aswell
as the opportunity cost of labor, so that the increased time it takes to collect each kilogram
of fuelwood, or the higher the opportunity cost of the labor, the more expensive each
unit of fuelwood becomes (Mekonnen, 1999). The variable used to represent the shadow
price of collecting fuelwood has varied in the literature. Cooke (1998a,b), Mekonnen
(1999), and Baland et al. (2010), for example, use the opportunity cost of labor (shadow
wage)multiplied by the time spent collecting each unit of fuelwood. The data on amounts
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of fuelwood collected, however, are often difficult to obtain, so Amacher et al. (1993),
Heltberg et al. (2000), and Palmer and MacGregor (2009), for example, use the time
spent collecting fuelwood as a proxy. This variable, however, does not capture the value
of time and often leads to underestimates of the elasticity of demand for fuelwood (see
table 1).

Following Cooke (1998a,b), Mekonnen (1999), and Baland et al. (2010), we define
the average shadow price of fuelwood collected from off-farm for household i in the
collecting group C as:

μC
i =

(
HC
i

qCi

)
ωF
i , (25)

where H is the monthly number of hours spent collecting fuelwood, q is the monthly
amount of fuelwood collected, andω is the household-specific opportunity cost of female
labor, i.e., female shadow wage.6 Since the shadow wage is given in Kenyan Shillings per
hour, the unit value of the shadow price is Kenyan Shillings per kilogram (KES/kg).

Similarly, we define the shadowprice of fuelwood produced on-farm. InwesternKenya,
as elsewhere in SSA, on-farm fuelwood production is often a by-product or co-product
of growing trees for timber and other purposes (Buck et al., 1999). Since producing fuel-
wood on-farmdoes not necessarily require felling trees, data on the time spent producing
fuelwood on-farm only are not available. We approximate the number of hours spent
producing fuelwood on-farm by the number of on-farm trees, and the time necessary to
cultivate and manage an individual tree:

μP
i =

(
γ PTP

i
qPi

)
ωM
i , (26)

where γ is the average number of hours needed to grow one tree, T is the number of
on-farm trees, q is the amount of fuelwood per month produced by household i in the
on-farm producing group P, and ω is the household-specific opportunity cost of male
labor – themale shadowwage. The value for γ comes from the Kenya Forestry Research
Institute (KEFRI) estimates for growing Eucalyptus trees (Oballa et al., 2010). Eucalyptus
is very common in the research area and is a primary choice for agroforestry in Kenya
– being among the most popular tree species planted on household farms in this area
(Scherr, 1995; Henry et al., 2009).7 In the survey, households that purchased fuelwood
were asked their individual price paid for a particular quantity. Because thismarket price
may be correlatedwith unobserved household characteristics, we follow a two-stage least
squares (2SLS) strategy as outlined below.

Estimating both equations (25) and (26) also requires shadow wages for men and
women. Since not all households in the sample engage in off-farm wage labor, we esti-
mate the household-specific shadow wages for men and women following the method-
ology to account for self-selection proposed by Heckman (1979) and Olsen (1980) and
used by Cooke (1998a,b) in a similar setting.8 We estimate these shadow wages using

6In this section, the subscript FW for fuelwood is dropped.
7Using KEFRI’s data, γ is approximately equal to 1.6 h of work per tree over its life. 1.6 h is equivalent to

0.01 man months, assuming eight hours in a work day and 20 days in a work month.
8Overall, 37 per cent of men and 19 per cent of women in the sample are engaged in wage labor. See

also Binder and Scrogin (1999), Levison et al. (2008), and DeGraff and Levison (2009) for examples of this
methodology in the development literature.
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maximum likelihood for greater efficiency, especially important due to the sample size
restrictions in the data.9 Results for these estimations are in table A2 in the online
appendix.

There are several additional aspects to our estimation of demand elasticities. First, in
order to estimate cross-price elasticities, it is necessary to proxy shadow prices and mar-
ket prices for households that do not participate in all groups. For example, households
that only collect fuelwood off-farm do not have estimates for shadow prices for fuel-
wood produced on-farm or prices for fuelwood bought at the market. To create these
full sample variables, we follow the strategy suggested by Mekonnen (1999) and use the
village-specificmaximumvalues for hours spent collecting, the number of on-farm trees,
andmarket prices, when household-specific values are absent. The household’s decision
to participate (or not) in each of the fuelwood groups (producing on-farm, collecting
off-farm, and purchasing) must reflect the household-specific cost of participation. So,
if the household is not observed in a particular group, it is likely the case that its cost of
participation is greater than the cost of any other participating household in the village.

Second, we are concerned that households may self-select into their respective fuel-
wood source group(s), which may bias our results. To account for this selection bias,
we add a variable to the second stage estimation of the demand elasticities following
Olsen (1980) andWooldridge (2002).10 Third, we take precautions against endogeneity
due to the likelihood of simultaneity and omitted variable bias arising from the shadow
price variable and report results from the 2SLS estimation. We borrow an instrumental
variable estimation strategy from the demand literature. To instrument for the market
price, we use the average of all (except own)market prices in the sample. As in Hausman
et al. (1994), the key assumption is that random household-level factors influencing the
market price are independent of other households.

As for the likely endogenous shadow prices for on-farm producers and off-farm col-
lectors, we match each household with five other households in the sample outside their
own block (households in the same village and two neighboring villages) based on the
most similar shadow price. For off-farm collectors, we use the average of the hours spent
collecting of the matched households as an instrument on the shadow price of fuelwood
collecting of the first household, while for on-farm producers, we use the average num-
ber of trees owned as the instrument on the shadow price of on-farm production of the
first household.11 By excluding households in the own-block in thematching, we prevent

9Our exclusion restrictions necessary to control for selection bias include the dependency ratio and the
distance from the village center. The dependency ratio here is defined as number of children under 15 and
elderly over 65, divided by number of adults between 15 and 65. Individuals are more likely to enter the
off-farm workforce if they live closer to the village center, but the majority of households (74 per cent in this
sample) live on inherited land so their farm location is thus exogenously determined.

10Table A3 in the online appendix presents the first-stage results of the jointly estimated linear probability
models that show the likelihood of participating in a particular fuelwood source group. Exclusion vari-
ables for these estimations are number of parcels for off-farm collecting households, land slope for on-farm
producing households, and distance to the nearest town for purchasing households.

11For example, if household 1 has a shadow price of off-farm collecting fuelwood of x, we find five other
households outside the same geographic area (block) that have the most similar shadow price of off-farm
collecting to x. We then take the average of hours spent collecting of these five matched households, and
use that as an instrument on the first household. By design, the instrument is relevant, and because these
matched households are far away geographically, the instrument is valid.
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possible validity issues arising from geographic proximity of some villages.12 First-stage
IV results are provided in table A4 in the online appendix.

In order to allow for inter-household comparisons, continuous variables (e.g., shadow
prices, shadow wages, land area) are scaled by adult equivalent units, which accounts
for differing numbers and ages of participants in each household (Cavendish, 2002).13
Our results can then be interpreted as per-capita monthly14 values. We estimate the
household-specific demand equations for fuelwood collected off-farm, qCi , produced
on-farm, qPi , and bought in the market, qBi :

qji = β0 + β1μ
j
i + β2ν

k
i + β3ϕi + β4ω

M
i + β5ω

F
i + β6Xi + ζ + ε

j
i , (27)

qBi = β0 + β1PBi + β2ν
C
i + β3ψ

P
i + β4ω

M
i + β5ω

F
i + β6Xi + ζ + εBi . (28)

In equation (27), superscripts j, k represent either collecting off-farm or producing on-
farm (j �= k), μi is the shadow price of either collecting off-farm or producing on-farm,
ν and ϕ are the shadow prices and market prices with full observations, ωM and ωF are
the average shadowwages formen andwomen,Xi are household variables that influence
fuelwood use, ζ are geographic fixed effects (at the block level), and ε is the error term. In
equation (28), Pi is themarket price paid by a household that purchases fuelwood and νC
and ψP are shadow prices for fuelwood collected off-farm and produced on-farm with
full observations, respectively. Given possible automated regressor bias, we bootstrap all
standard errors.

5. Results
We first estimate household-specific shadow prices of collecting fuelwood off-farm and
producing fuelwood on-farm, following equations (25) and (26), and using household-
specific wages for men and women. Our results, reported in table 3, suggest imperfec-
tions in fuelwood and labor markets in western Kenya. The median off-farm collection
shadow price (1.53KES/kg) is below the median on-farm production shadow price
(5.21KES/kg), which is in turn below the median market price (5.85KES/kg). This
ordering is consistent with the traditional agricultural household model. When shadow
prices for a particular fuelwood source approach and exceed themarket price, the house-
hold switches to purchasing from the market (given that one is available) (Key et al.,
2000). On-farm production shadow prices above those of off-farm collection shadow
prices can have several explanations, including higher time requirements for managing
woodlots on-farm compared to collecting from off-farm, as well as the opportunity cost
of planting woodlots instead of food crops.

12Because householdsmay knowone another between villages in proximity (within the research block), we
exclude all households from within a household’s own block to ensure that households have no connection
with one another outside the similarity in their shadow price values.

13UnlikeCavendish (2002), we donot have data on the amount of time during the year that each individual
lived at home, so cannot account for this in our adult equivalent unit adjustment. We do however account
for the number of individuals, their ages, and gender. We thank an anonymous reviewer for suggesting this
adjustment.

14Monthly fuelwood values are annual quantities of fuelwood divided by 12. This provides an average
monthly value that avoids problems of seasonality.
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Table 3. Fuelwood cost and quantity statistics

Variable N Median Mean Std. Dev. Min Max

Price (KES/Kg)

Collector Shadow Price 131 1.53 2.21 3.01 0.02 30.01

Producer Shadow Price 243 5.21 13.91 28.31 0.06 280.27

Market Price 103 5.85 9.02 10.64 0.59 73.1

Kerosene Market Price (KES/Liter) 234 100.00 105.95 33.65 50.0 250.0

Charcoal Market Price 126 16.67 22.33 18.54 3.33 150.0

ShadowWages (KES/Month)

Female (Heckman-adjusted) 301 2040.95 2428.88 1312.67 622.76 7506.82

Male (Heckman-adjusted) 301 1831.93 2073.66 1139.18 196.66 6380.68

Quantities (Kg/Month)

Fuelwood Used 301 130.00 209.78 316.43 1.85 3000

Fuelwood Collected 131 66.67 96.11 129.03 0.25 800

Fuelwood Produced 243 99.75 184.27 280.24 0.285 2395

Fuelwood Bought 103 48.45 169.12 390.49 2.85 3000

Note: Statistics are for households who participate in the particular fuelwood source group/energy source group.

We then estimate demand equations (equations (27) and (28)) for different fuel-
wood sources, including the respective shadow prices, fuelwoodmarket price, andwages
as right-hand side variables. Table 4 shows the regression results from ordinary least
squares (OLS) estimation, as well as the results from 2SLS estimations that control for
the endogeneity of shadowprices and potential selection bias. The results across the three
estimations (OLS, 2SLS, and 2SLS+Olsen Estimator) are quite similar. Although the tests
of endogeneity and selection bias suggest exogeneity in both off-farm collection and on-
farm fuelwood production regressions, for the sake of caution, we use coefficient values
from the 2SLS-Olsen regressions when interpreting our results (third column for each
fuelwood source group). The coefficients on shadow prices in table 4 can be interpreted
as elasticities as all variables are used in log form. As expected, own-price elasticities are
negative, inelastic, and statistically significant at a p-value of 5 per cent or less across all
groups and specifications. Moreover, they are very similar across non-purchased fuel-
wood sources: own-price elasticities range from −0.48 to −0.61 for off-farm fuelwood
collectors and −0.50 to −0.55 for on-farm fuelwood producers for all specifications.
The inelastic own-price elasticity means that increases in fuelwood costs lead to less
than equi-proportionate decreases in the amount of fuelwood obtained from that source,
suggesting that fuelwood is a necessity good for the households in our sample. Our own-
price elasticity values are somewhat higher in magnitude than elasticities found in other
studies (table 1). Geography can play a large role in the elasticity differences in fuelwood
demand. Amacher et al. (1996) and Amacher et al. (1999), for example, find large dif-
ferences in own-price elasticities between hill and plain-dwelling populations in Nepal.
Most of the existing studies on this subject are primarily from South Asia, and none are
from household samples in East Africa or Kenya specifically.
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Table 4. Fuelwood demand elasticities

(1) (2) (3) (4) (5) (6) (7) (8) (9)
Fuelwood collected (kg/month) Fuelwood produced (kg/month) Fuelwood bought (kg/month)

Variables OLS 2SLS 2SLS+ Olsen OLS 2SLS 2SLS+ Olsen OLS 2SLS 2SLS+ Olsen

Shadow Price
Collecting

−0.480∗∗∗ −0.605∗∗ −0.609∗∗

(0.156) (0.245) (0.263)

Shadow Price
Producing

−0.500∗∗∗ −0.546∗∗∗ −0.551∗∗∗

(0.0544) (0.132) (0.137)

Market Price −0.863∗∗∗ −0.920∗∗∗ −0.925∗∗∗
(0.141) (0.164) (0.162)

Full Shadow Price
Collecting

0.127∗∗∗ 0.126∗∗∗ 0.174∗∗ 0.0887∗∗ 0.0910∗∗ 0.0229

(0.0220) (0.0232) (0.0725) (0.0407) (0.0424) (0.130)

Full Shadow Price
Producing

0.165∗∗ 0.183∗∗∗ 0.210 0.109 0.112 0.238

(0.0656) (0.0708) (0.179) (0.0794) (0.0782) (0.236)

Full Market Price 0.210 0.216 0.199 0.191∗∗ 0.193∗∗ 0.208∗∗∗
(0.172) (0.175) (0.201) (0.0778) (0.0786) (0.0779)

Female Wage 0.724∗∗ 0.823∗∗ 0.811∗∗ −0.105 −0.112 −0.0928 −0.174 −0.154 −0.527
(0.368) (0.372) (0.394) (0.199) (0.205) (0.215) (0.575) (0.611) (0.986)

Male Wage −0.499∗ −0.511∗ −0.550 0.788∗∗∗ 0.836∗∗∗ 0.961∗∗∗ 0.169 0.150 0.444
(0.265) (0.276) (0.414) (0.181) (0.215) (0.295) (0.442) (0.446) (0.730)

HH Controls, Block
Dummies

Yes Yes Yes Yes Yes Yes Yes Yes Yes

Constant −2.186 −3.053 −2.603 −0.268 −0.600 −1.702 0.173 0.288 −4.880
(3.406) (3.169) (4.257) (1.497) (1.604) (2.344) (3.446) (3.334) (10.63)

(continued)
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Table 4. Continued

(1) (2) (3) (4) (5) (6) (7) (8) (9)
Fuelwood collected (kg/month) Fuelwood produced (kg/month) Fuelwood bought (kg/month)

Variables OLS 2SLS 2SLS+ Olsen OLS 2SLS 2SLS+ Olsen OLS 2SLS 2SLS+ Olsen

Observations 131 131 131 243 243 243 103 103 103

R-squared 0.421 0.414 0.414 0.485 0.483 0.484 0.475 0.475 0.477

Kleibergen-Paap rk
LM P-value

0.00 0.00 0.00 0.00 0.00 0.00

Kleibergen-Paap rk
Wald F stat

28.162 29.320 22.102 21.833 28.682 30.617

Stock-Yogo 10%
maximal IV size

16.38 16.38 16.38 16.38 16.38 16.38

Hausman Test
P-value

0.451 0.448 0.681 0.681 0.428 0.362

Lambda coefficient −0.323 1.317 −3.664
(1.916) (1.865) (6.775)

Notes: HH Controls and additional variables are included in appendix table A6. All continuous variables are in log form and in adjusted per capita units after Cavendish (2002). ‘Full’ variables
include imputed values for households not participating in the respective fuelwood source groups. Instruments for the shadow prices of fuelwood collection and production are the shadow prices
of a matched household located outside the ‘own-block (additional explanation provided in text). Instrument for market price is the village average of except-own market price. Bootstrapped
standard errors (1000 replications) in parentheses. ***p < 0.01, **p < 0.05.
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Cross-price elasticities are also inelastic, but positive. The very low cross-price elas-
ticities suggest that substitution between fuelwood sources is low. Although fuelwood
is often considered to be a homogeneous product, households in western Kenya do not
readily substitute between fuelwood sources. For example, an increase of 10 per cent in
the shadow price of on-farm production of fuelwood (corresponding to an increase of
1.40KES/kg), leads to a decrease in fuelwood produced on-farm of 10.13 kg per month,
evaluated at the mean. Moreover, substitution to a different source is low: an increase of
10 per cent in the shadow price of on-farm production leads to the increase of fuelwood
both bought and collected off-farm by only 5.19 kg per month, evaluated at the mean.
This shadow price increase, therefore, leads to a net decrease of 4.19 kg per month in
fuelwood consumed, holding other fuelwood costs constant. This low quantity is sur-
prising, given the mean consumption of about 210 kg per month, and illustrates the lack
of substitutability between fuelwood groups.

This lack of substitution between fuelwood sources demonstrated by our results can
be explained in part by the gender division in household labor. We find that female
shadow wages in the demand equations are statistically significant with respect to fuel-
wood collected and male shadow wages are likewise statistically significant with respect
to fuelwood produced on-farm (table 4). The coefficients in both cases are positive, simi-
lar to findings in other studies (Amacher et al., 1996, 1999; Cooke, 1998a). Higher female
wages increase the amount of fuelwood collected off-farm, demonstrating the impact of
female labor opportunity on fuelwood collection. Meanwhile, male wages have no sig-
nificant effect on fuelwood quantity collected off-farm, consistent with our data showing
men are not actively engaged in off-farm fuelwood collection in this area. The opposite
relationship is found with respect to fuelwood produced on-farm, as men’s work oppor-
tunity is correlated with fuelwood produced on-farm through their shadow wage, and
the time women work has no significant effect on fuelwood produced on-farm. This
again is consistent with our data and qualitative evidence from the area that women are
less engaged in on-farm fuelwood production than men.

Our results also show that changes in the shadow price of off-farm collecting lead to
significant increases in the amount of female labor spent gathering fuelwood off-farm.
Using the same 2SLS regression as above (equation (27)) but with the number of hours
spent collecting off-farm per month as the dependent variable, we find that a 10 per cent
increase in the shadow price of off-farm collecting increases the hours spent collecting
off-farm by 3.6 per cent (table A5 in the online appendix. See table 1 for comparisons
with other papers). The magnitude of the elasticity of labor for fuelwood collection is
greater than the magnitudes of the cross-price elasticities of off-farm collecting with
respect to either on-farm producing or buying fuelwood. This illustrates that households
prefer to increase labor devoted to the off-farm collecting of fuelwood rather than sub-
stitute toward on-farm producing or purchasing fuelwood in the wake of shadow price
increases.

Coefficients for additional estimation regressors, including household characteristics
and charcoal and kerosene prices, are shown in online appendix table A6. We find few
variables to be statistically significant. The coefficient on age of household head is one
exception, which is positive and statistically significant with respect to fuelwood pro-
duced on-farm, and negative and significant for fuelwood collected off-farm. In addition,
while substitution with alternative energy sources is not a focus of this study (due to data
constraints), we include the price of charcoal and kerosene in the regressions. The price
of charcoal lacks statistical significance for any fuelwood source group, while the price
of kerosene is negatively correlated andmarginally statistically significant with fuelwood
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produced on-farm, suggesting a complementary relationship. Due to the relatively small
number of individuals using charcoal and kerosene in the sample, we are cautious to give
weight to these findings.

6. Conclusion and policy implications
This paper examines households’ energy use in the western Kenya highlands, focusing
specifically on the substitution among different fuelwood sources – fuelwood pro-
duced on-farm, collected off-farm, and purchased – and the role of households’ labor
endowments in energy sourcing. We find that the median household shadow price
of fuelwood collected off-farm (1.5 KES/kg) is well below the median shadow price of
fuelwood produced on-farm (5.2 KES/kg) and the median market price of purchased
fuelwood (5.8 KES/kg). The most plausible explanations for this result, suggested by
the patterns in our data and estimation, are the potential lack of off-farm employment
opportunities for women (that depress the shadow price of fuelwood collected off-farm)
and possible competition of agroforestry with on-farm crops, among other factors (that
increase the shadow price of fuelwood produced on-farm). In our sample of house-
holds, women earn less than men: 3000KES (USD36) per month compared to 4000KES
(USD47), 95 per cent of fuelwood collectors are women, and most woodlots are man-
aged by men (male household heads or male children or grandchildren in households
headed by women). In line with the data, coefficients on the female shadow wages in
the demand equations are statistically significant with respect to fuelwood collected off-
farm and coefficients on the male shadow wages are likewise statistically significant with
respect to fuelwood produced on-farm. These results echo earlier findings from quali-
tative studies in western Kenya that show strong social and cultural norms behind the
household division of labor (Chavangi and Adoyo, 1993).

Looking specifically at fuelwood collected off-farm, we also find that the own-price
elasticity for non-purchased fuelwood is greater in absolute value terms than the labor
supply elasticity. Households prefer to increase the labor dedicated to exploiting a fuel-
wood source with an increasing shadow price rather than substitute away from it. Given
higher shadow prices for fuelwood collected off-farm, rural Kenyan households respond
by increasing female labor, rather than substituting toward other fuelwood sources. This
finding has important implications for efforts against forest degradation. It shows, for
example, that as fuelwood scarcity increases, households will expend more time and
effort to collect fuelwood off-farm rather than switch to fuelwood production on-farm
or fuelwood purchases, which may come from more renewable sources.

Our findings also imply that fuelwood is not a homogeneous resource. The very lim-
ited substitution shown by our results suggests that increases in the shadow price of
fuelwood from any particular source can potentially have significant effects on house-
hold labor. Increasing opportunities for female work off-farm increases the relative cost
of fuelwood collected off-farm, which could lead to greater relative dependence on on-
farm fuelwood production and lower overall use as fewer people are at home during the
day (Burke and Dundas, 2015). Planting woodlots and producing fuelwood on-farm are
arguably more sustainable practices than collecting off-farm, as the trees planted on-
farm in agroforestry systems partially offset GHG emissions from biomass use and have
other environmental and agricultural benefits; these include decreases in air and soil
temperatures from greater tree coverage in the landscape, decreased soil erosion, and
improved water retention, among others (Unruh et al., 1993; Mbow et al., 2014). In the
short run, however, any increases in the shadow price of fuelwood collected off-farm are
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likely to increase the work burden for women. As Bluffstone (1995) finds, off-farm labor
opportunities will stabilize tree coverage by increasing the opportunity cost of labor.
However, these labor opportunitiesmust exist for both genders, which implies increasing
the labor substitutability between men and women in the labor force.

A very different technology, improved cookstoves, also has the potential to decrease
fuelwood use in SSA. Improved combustion or pyrolysis stoves are more efficient, can
use substitutes for fuelwood (e.g., crop residues, grasses), require fewer units of biomass
for cooking than traditional stoves, and can produce valuable soil amendments such as
biochar (Torres et al., 2011).However,more efficient stoves can lead to a ‘rebound effect’,
wherein households continue to use similar quantities of biomass but increase cooking
activities (Nepal et al., 2011). Moreover, projects in Kenya seeking to increase the use
of improved cookstoves have found adoption rates to be low, given many households’
attachments to traditional cooking techniques (Tigabu, 2017). Further research is needed
to identify strategies to increase the use of improved cookstoves in Kenya and tomitigate
rebound effects.

Our results suggest that reforestation efforts in western Kenya that include promo-
tion of on-farm agroforestry may be ineffective in inducing households to collect less
fuelwood off-farm unless there are changes to traditional norms regarding female par-
ticipation in on-farm tree management and in the off-farm labor market. These norms
indeed appear to be gradually changing. The new Kenyan constitution, approved by a
significant majority of Kenyan citizens in 2010, codifies new rights for women (Kramon
and Posner, 2011). Over the upcoming years, changing norms may lead to increasing
substitution between male and female labor in rural labor markets, with consequent
increases in agroforestry practices, tree coverage and the associated environmental
benefits, as this paper suggests.

Supplementary material. The supplementary material for this article can be found at https://doi.org/10.
1017/S1355770X1800027X.
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