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RESUMEN

Palabras Clave: uso residencial de lefia; patrones de oferta/demanda de lefia; analisis y
modelacién espacial; Sistemas de Informacion Geograficos (SIG); extraccidn renovable/no-
renovable de lefia; emisiones de GEI; protocolo de Kyoto - MDL; propuestas de manejo
sustentable; planeacion energética.

En esta tesis se desarrolla un método de analisis multi-escalar y espacialmente-explicito para
estudiar los impactos ambientales y socio-econdmicos asociados al uso tradicional de lefia en
México.

Histéricamente, los estudios sobre oferta y demanda de lefia se han concentrado en presentar
sus resultados como valores agregados para un pais 0 macro-region, o bien han sido el
producto de multitud de estudios de caso conducidos sobre localidades particulares. Sin
embargo, los impactos asociados al uso de lefia se distribuyen de manera heterogénea en el
espacio en funcion de la compleja interrelacién entre los sistemas de oferta de lefia y los
factores que determinan la demanda para cada sitio en particular. Por lo tanto, los enfoques
generalizados, como por ejemplo los balances nacionales, no dan informacion sobre la
distribucion espacial de las areas mas susceptibles a impactos negativos, mientras que los
resultados de estudios de caso puntuales no son extrapolables, debido a que localidades
adyacentes en el espacio pueden presentar situaciones muy diferentes.

En la presente investigacion, se aplicd en una primera etapa un marco multi-criterio para
analizar los municipios de México en funcién de siete variables o indicadores clave asociados al
uso de lefa y a la disponibilidad de recursos: numero, densidad e incremento medio anual de
usuarios de lefia; porcentaje de hogares que utilizan lefia; resiliencia en el consumo; tendencias
de cambio de uso del suelo; y balance entre oferta y demanda de lefia. El balance entre la
oferta y la demanda de lefia para todo el pais -dato requerido con frecuencia por instituciones
internacionales que buscan comparar los paises del mundo con respecto al uso de
combustibles de madera- resulté ampliamente positivo (165 millones de toneladas de lefia en
materia seca). Comparado con los paises de Africa sub-sahariana y el sudeste asiatico, México
no es un pais critico en términos de uso de lefia residencial y sus impactos asociados. Sin
embargo, el analisis espacial identificé 304 municipios (de un total de 2,424 analizados),
muchos con balances negativos o cercanos a cero, los cuales resultaron agrupados en 16 areas
criticas 6 hot spots, donde viven 6.3 millones de usuarios de lefia, aproximadamente el 25% de
los usuarios totales de este combustible en el pais. Dentro de éstas areas destacan por el
marcado déficit entre oferta y demanda, y por el niumero total de poblacién usuaria de lefa, las
regiones Otomi y Mazahua en el Estado de México, la sierra norte de Puebla, la Huasteca
Potosina-Veracruzana, y dos grupos de municipios al este y sur de las ciudades de Puebla y
Xalapa respectivamente.

En una segunda etapa, se selecciond un area critica identificada en el analisis a nivel nacional:
la Region Purhépecha en el estado de Michoacan, y se generdé un modelo espacial a fin de
identificar localidades con alto consumo de lefa e insuficiente disponibilidad de recursos. Veinte
localidades (de un total de 90 analizadas) fueron identificadas como criticas en funcion de los
mismos indicadores seleccionados para el andlisis previo. Las localidades identificadas
resultaron distribuidas sobre municipios criticos segun el analisis nacional, corroborando que
ambos analisis son congruentes entre si. Los resultados mostraron a su vez una gran variedad
de situaciones entre las localidades analizadas, inclusive entre localidades vecinas dentro de un
mismo municipio, lo que respalda el hecho de que los patrones de oferta y demanda de lenha
son muy especificos del sitio. El analisis permitié contar con estimativos robustos y
estadisticamente confiables de la cantidad de lefa por localidad extraida de manera no
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renovable, el cual es un dato clave para calcular la linea de base para proyectos que buscan
participar en el Mecanismo de Desarrollo Limpio del Protocolo de Kyoto, y que necesitan
cuantificar las emisiones evitadas tomando en cuenta el cambio de biomasa no-renovable a
biomasa renovable. Finalmente, datos de campo recolectados en localidades seleccionadas,
mostraron que los sitios de extraccidn de lefia se encontraron dentro de las areas accesibles
estimadas por el modelo para usuarios a pie o con animales de carga.

Se concluye que los resultados arrojados por el andlisis a escala nacional son Utiles para
incorporar el uso tradicional de lefia dentro de las agendas nacionales de planeacion
energética, al tiempo que facilitan concentrar los recursos disponibles sobre las areas
prioritarias. Por otra parte, los analisis orientados a identificar localidades individuales son utiles
para ayudar en la implementacién de acciones concretas de intervencién, derivadas

en ultima instancia de estrategias energéticas nacionales.
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ABSTRACT

Keywords: residential fuelwood use; fuelwood supply/demand patterns; fuelwood hot spots;
spatial analysis and modelation;, Geographic Information Systems (GIS); non-
renewable/renewable fuelwood extraction; GHG emissions; Kyoto protocol - CDM; sustainable
management proposals; wood energy planning.

In this thesis, a spatially-explicit multi-scale method is proposed for assessing environmental and
socio-economic impacts associated to traditional fuelwood use in Mexico.

Historically, supply demand studies have focused on showing aggregated results for a country or
broad region; or on the contrary, they were case studies conducted on particular localities and
villages. However, impacts associated to fuelwood use are heterogeneously distributed in space,
given the complex relation between supply and demand patterns for each particular location.
Thus, generalize approaches, as for example national balances, do not give information on the
spatial distribution of those areas more susceptible to negative impacts, while localized case
studies cannot be extrapolated, as neighbor localities may result radically different in terms of
fuelwood use associated impacts.

In a first stage, a multi-criteria analysis was conducted in order to analyze Mexican counties
following seven variables or indicators: number, density and annual increment of fuelwood
users; percentage of households using fuelwood; resilience of consumption; trends in land use-
land cover change; and balance between supply and demand. The national fuelwood balance -a
key value when comparing countries- resulted widely positive (165 million tons per year).
Compared to south east Asia and sub-Saharan African countries, Mexico is not a critical country
in terms of fuelwood use and its associated impacts. However, the spatial analysis identified 304
counties (out of a total of 2,424); many of them with negative or close to zero balances, which
resulted grouped in 16 clusters or fuelwood hot spots. Approximately 6.3 million fuelwood users
live within these counties, 25% of total fuelwood users in Mexico in year 2000.

On a second stage, a fuelwood hot spot was selected: the Purhepecha Region in Michoacan
State, and a grid-based model was developed in order to identified single localities with high
fuelwood consumption and insufficient resources. Twenty localities (out of 90) were identified as
critical following the same set of indicators used in the national assessment. Identified localities
resulted distributed within critical counties previously identified in the national assessment,
showing that both analyses are congruent between each other. A great variety of situations were
found, even between neighbor localities, showing that fuelwood supply and demand spatial
patterns are indeed site specific. The analysis also allowed to have a robust and statistically
confident estimate of the non-renewable fraction of fuelwood extraction by locality, a key value
for deriving baselines in business as usual (BAU) scenarios for carbon offset projects involving
non-renewable biomass (NRB) estimates. Finally, ground-truthing efforts conducted so far,
showed that extraction sites lye within accessible areas estimated by the grid-based model.

National assessments (aimed at identifying county-based fuelwood hot spots), are a useful tool
for incorporating traditionally used woodfuels into the national energy planning agenda and to
start focusing actions on the most critical regions or counties. On the other hand, sub-national
assessments (aimed at identifying locality-based fuelwood hot spots), are a useful tool for
designing and implementing concrete actions or intervention projects derived from the national
agenda.
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I. INTRODUCCION

La bioenergia o energia derivada de la biomasa abarca toda la energia producida por
combustibles organicos de origen bioldgico (bio-combustibles)?. Cuando los bio-combustibles
provienen originalmente de especies vegetales lefiosas, se les denomina combustibles de
madera. La lefia es un combustible de madera que conserva la estructura original de la madera
(a diferencia del carbdn vegetal, el licor negro, el metanol, los aceites piroliticos, o los productos
procedentes de la gasificacion), y cuya combustion intencional puede aprovecharse como
fuente de energia.

La lefia representa una fuente de energia renovable ampliamente disponible, la cual puede
jugar un rol muy importante en la transicion a combustibles renovables, ya sea bajo un sistema
de uso tradicional o moderno. Un paso fundamental a favor de disefiar estrategias nacionales
para un uso sustentable de la lefa, es entender los patrones espaciales de oferta y demanda,
como asi también los impactos ambientales, sociales y econémicos asociados a su uso actual y
esperado.

Alrededor del 60% del total de la madera extraida en el mundo se utiliza con fines energéticos,
proporcion que llega al 80% considerando por separado al conjunto de paises en desarrollo
(Trossero, 2002). Los combustibles de madera satisfacen el 7% del consumo de energia
primaria a nivel mundial y el 15% cuando se considera solamente a los paises en vias de
desarrollo (Trossero, 2002). Se ha estimado que 2,390 millones de personas que habitan en
paises en vias de desarrollo dependen de combustibles de madera para cocinar, calentar agua
y calefaccionarse (IEA, 2006). Se estima que para el afio 2030 el consumo global de lefia sera
de 1,501 millones de m3 (2030)* (IEA, 2006).

A mediados de la década de los setentas se desarrollé un modelo conocido como fuelwood gap
(CEC, 1985; Eckholm, 1975; FAO, 1978; Shell, 1980) el cual pronosticaba, basandose en
estimaciones muy generalizadas, que el consumo global de combustibles de madera,
especialmente de lefia, sobrepasaria la oferta en un periodo dramaticamente corto. Esto
desataria una severa crisis energética que para el afio 2000 habria afectado a la mitad de la
poblaciéon mundial (Anderson and Fishwick, 1984; De Montalambert and Clement, 1983; FAO,
1981). En términos generales, las premisas del modelo consideraban que la demanda de lefa
es igual al producto entre el consumo per capita y la poblacién total, por lo tanto, la demanda de
lefia aumentaba a una tasa igual al crecimiento poblacional. Por otra parte, la oferta de lefa se
estimaba en funcion del Incremento Corriente Anual (ICA) de los bosques segun estadisticas
oficiales (e.g. FAO, 1981; TWB, 1985), menos la pérdida de especies lefiosas por procesos de
deforestacion y expansién agricola ajenos a la extraccion de lefia®. Ademas de conducir a un
déficit inevitable o gap, entre la oferta y la demanda de lefia, el modelo consideraba que al
intensificarse la escasez de lefia por el aumento poblacional, se inducia a la degradacién
forestal, la cual a su vez era una causa principal de la falta de lefia.

La alarma por las predicciones del modelo atrajo el flujo de fondos de ayuda e impulsé el
desarrollo y la implementacion de proyectos bioenergéticos bajo un enfoque fop-down,

® Se suele denominar habitualmente como “bio-combustibles” a dos de los bio-combustibles liguidos mas comunes:

el bioetanol y el biodiesel.

* Como referencia, 1,000,000 m® de madera (o 150.000 m?® de carbén vegetal obtenido con técnicas poco eficientes)
corresponden a un area entre 10,000 ha y 20,000 ha de una plantacion madura con una densidad promedio. Un
millén de m® de madera es equivalente aproximadamente a 10 petajoules (PJ) 0 0.01 exajoules (EJ).

®Los supuestos subyacentes del modelo eran: 1) el consumo per capita es una constante; 2) no existen combustibles
sustitutos a la lefia; 3) la oferta comercial de madera es un buen estimativo de la oferta de lefia; 4) los valores
agregados o promedios de escasez, para un pais o un estado, son representativos de la situacion a escala local (i.e.
localidades y hogares); y 5) las fuentes de oferta de lefia son accesibles para toda la poblacion.
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principalmente plantaciones energéticas de gran escala, difusion de estufas eficientes, y
promocién de combustibles modernos (Openshaw, 1980). Hacia finales de los afios 80", con la
experiencia acumulada por estos proyectos, se comenzaron a cuestionar las premisas que
conllevaron a proponer la crisis de la lefia: la situacion generalizada de escasez no se perfilaba
segun las predicciones planteadas (Dewees, 1989; Foley, 1987; Leach and Mearns, 1988).
Efectivamente, las predicciones sobre la crisis global de combustibles de madera no se estaban
cumpliendo. Mas aun, evaluaciones conducidas en algunos paises mostraron un balance
agregado positivo® entre la oferta y la demanda de la lefia (e.g. Foley (1987) para el caso de
Mali; Dewees (1989) para el caso de Kenya).

Investigaciones conducidas a lo largo de los ultimos 20 afos, han demostrado que los patrones
de oferta y demanda de combustibles de madera son complejos y muy especificos del sitio
(Arnold et al., 2003; Dewees, 1989; Foley, 1987; Leach and Mearns, 1988; Lelé, 1993;
Mahapatra and Mitchell, 1999; Masera, 1994; RWEDP, 1997, 2000); por lo tanto, los enfoques
generalizados, como por ejemplo los balances nacionales, no son recomendables para evaluar
la situacion general de un pais o region con respecto a la relacion entre la oferta y la demanda
de combustibles de madera. Mas que una crisis generalizada, actualmente se reconoce la
existencia de areas criticas mas o menos puntuales, las cuales se presentan distribuidas de
manera heterogénea en el espacio en funcién de la compleja interrelacion entre los sistemas de
oferta de combustibles de madera y los factores que determinan la demanda para cada sitio en
particular (Arnold et al., 2003; Mahapatra and Mitchell, 1999; RWEDP, 2000)’.

Enfocandonos en el uso residencial de lefia, la oferta para un sitio o area especifica (e.g. hogar,
localidad, municipio) es la suma de a) la oferta forestal , b) la oferta que proviene de los
sistemas de uso del suelo no forestales, y c) la oferta que se genera como sub-producto de
otras actividades (e.g. tala comercial, construccion, etc.) (Agarwal, 1986; Masera, 1993, 1994;
Morse, 1984; RWEDP, 1993b).

Los factores arriba mencionados, determinan la oferta potencial de lefa para un area o sitio de
estudio. Sin embargo la oferta disponible o efectiva es una funcion del acceso fisico, legal y
técnico a la oferta potencial (Masera, 1994; Munslow et al., 1988). El acceso fisico esta
relacionado con variables como la distancia a los puntos de demanda y la topografia (e.g.
pendientes, red de caminos, barreras naturales). El acceso legal o social, es la capacidad de
usar o beneficiarse de un recurso productivo (Masera, 1994). Este depende de los patrones de
tenencia de la tierra, y de reglas o acuerdos locales sobre el uso del suelo. A su vez, los
acuerdos sobre uso del suelo dependen del tipo de actividad extractiva: recoleccion de
subsistencia, o corte de arboles para venta de lefa. La accesibilidad técnica se refiere a la
capacidad de acceder y aprovechar el recurso cuando el acceso fisico y legal esta garantizado:
asi por ejemplo, la falta de un medio de trasporte o la imposibilidad de pagar el combustible son
una limitante para el aprovechamiento del recurso (Farrow and Nelson, 2001).

La demanda de lefia esta determinada por a) las necesidades energéticas de la unidad de
analisis (i.e. hogar, pequenas industrias, etc.), b) los dispositivos de uso final empleados para
satisfacer esas necesidades (i.e. fogones, estufas eficientes, hornos, etc.), y c) la porcién de las
necesidades energéticas que son cubiertas mediante el uso de la lefia (Masera, 1994). Los tres
factores recién mencionados son funcién de variables ambientales (Bhatt et al., 1994; Diaz,
2000; Leach and Gowen, 1987; Masera, 1994), demograficas (Leach and Gowen, 1987),

®Ensu expresion mas simple, el balance se calcula como la oferta menos la demanda.

" Asi por ejemplo, una regién cuya demanda agregada excede a la oferta, puede albergar areas en donde no existe
déficit alguno. Por el contrario, comunidades deficitarias existen dentro de regiones cuyo balance energético total con
respecto a la lefa es positivo.
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econdmicas (Islam, 1984; Leach, 1988; Munslow et al., 1988), culturales (Masera, 1994; Navia,
1992), y técnicas (Evans, 1987; Leach and Gowen, 1987; Tinker, 1987).

I.1 Descripcion del problema e importancia del proyecto

Las revisiones mas recientes sobre el uso de lefia en el mundo (Arnold et al., 2003; IEA, 2006;
Persson, 2001) han destacado la necesidad de “entender bajo qué circunstancias la extraccién
de lefa puede ser una causa de deforestacion y bajo qué circunstancias la poblacion puede
sufrir dificultades en el abasto de lefia” (Persson, 2001, pagina 11). El Programa Regional para
el Desarrollo de la Dendroenergia en Asia (RWEDP)?, el de mayor envergadura e impacto para
paises en desarrollo, ha puesto especial énfasis en la necesidad de “contar con analisis que
incorporen la heterogeneidad espacial de los patrones de uso de lefia a diferentes escalas y
niveles de agregacion” (RWEDP, 2000, pagina 75).

Una metodologia o marco de analisis semejante seria de fundamental importancia para abordar
el problema de la especificidad del sitio de los patrones de oferta y demanda de lefa, y poder
presentar resultados y estimaciones confiables como insumos para la planeacién y el disefio de
estrategias energéticas a diferentes escalas administrativas.

[.2 Objetivo del proyecto

A fin de proponer una alternativa a la problematica recién planteada, se definié como obijetivo
central y general del presente proyecto, desarrollar una metodologia que permita abordar y
eventualmente resolver aquellas preguntas claves con respecto al uso residencial de lefia en
paises en desarrollo, enfocandose en México como estudio de caso: ¢qué localidades de
México se encuentran en peores condiciones en cuanto al abasto de lefia o al impacto
ambiental asociado al uso de este recurso?, ;como se distribuyen y agrupan éstas localidades
en el territorio?, ¢ que variables determinan la distribucion espacial de éstas situaciones
criticas?, y finalmente, si éstas localidades criticas existieran, ¢ serian susceptibles de ser
identificadas partiendo de un analisis que abarque todo el territorio nacional?

Es necesario resaltar que el desarrollo de una metodologia o modelo es el objetivo en si mismo,
independientemente de las preguntas subyacentes, las cuales podrian ligarse eventualmente a
un sistema de hipétesis. Esto se definié asi desde un principio justamente por la falta de
meétodos disponibles para responder las preguntas planteadas, pero sobretodo porque es la
necesidad de contar con metodologias de analisis, como se ha expuesto formalmente el
problema en la literatura.

Por ultimo, en cada uno de los tres capitulos centrales de la presente tesis se plantean objetivos
generales y especificos que no es necesario anticipar.

En sintesis, durante el presente proyecto se desarrollé un modelo para articular la
heterogeneidad local de los patrones de uso de lefa, con las escalas regional y nacional, a fin
de contar con un andlisis integral del recurso.

Se argumentd que el problema debe ser enfrentado a través de una modelacion que permita
representar espacialmente al conjunto de variables claves asociadas a los patrones de uso de
lefia (e.g. accesibilidad, productividad, densidad de usuarios, clima, etc.). Un conjunto tal de
variables supuso la sintesis de un acervo importante de informacién estadistica y de estudios de
caso.

8 Regional Wood Energy Development Programme in Asia
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Los dos enfoques principales que se utilizaron durante el proyecto fueron la multi-escalaridad y
la representacion espacial de la informacion. Este tipo de enfoques han sido identificados como
uno de los componentes basicos para promover el uso sustentable de los recursos naturales
(Cash and Moser, 2000; Gibson et al., 2000; Kates et al., 2001; Masera et al., 2000). La meta
principal de la l6gica multi-escalar fue obtener resultados segun diferentes escalas espaciales y
con diferente grado de resolucion, permitiendo la seleccion sucesiva de areas de analisis cada
vez mas detalladas. Como se argumenté anteriormente, los estudios sobre uso de lefia basados
en promedios agregados pueden conducir a conclusiones erréneas. La representacién espacial
de la informacién es un método para trabajar con valores desagregados por unidad espacial de
analisis. La relacion entre los dos enfoques propuestos se articulod a través del uso de unidades
espaciales de analisis basicas (BSU, por sus siglas en inglés) definidas para cada una de las
escalas de trabajo.

1.3 Antecedentes metodoldgicos

El origen del presente proyecto es un reporte de la FAO del afio 2003: Mapeo Integrado de la
Oferta y la Demanda de Combustibles de Madera (WISDOM)®, desarrollado por Masera y
colaboradores, donde se combiné informacién geografica y estadistica sobre la produccion y el
consumo de lefia para definir areas segun un indice de prioridad a escala nacional. La
metodologia fue desarrollada en principio para ayudar en la planificacion estratégica del uso
sustentable de la lefia a nivel de pais y constituye una parte importante del marco teérico de
este proyecto.

1.4 El uso de lefia residencial en México

En México, alrededor de 18 millones de habitantes disponen Unicamente de lefia como
combustible para cocinar, calentar agua y calefaccionarse y otras 7 millones la usan en conjunto
con el gas licuado a presion (Gas LP) (Diaz, 2000; INEGI, 2000). La lefia que se utiliza en
México satisface el 11% del total de la demanda energética total, el 46% de la demanda
energética residencial, y el 80% de la demanda energética del sector rural (Diaz, 2000; SENER,
2001).

Solo dos sectores en México utilizan lefia como combustible: a) el sector residencial (INEGI,
2000) y b) el sector informal de pequenas industrias (Masera and Navia, 1997). El consumo del
sector residencial para el ano 2000 se estimo en 320 petajoules (PJ) (Diaz, 2000; INEGI, 2000).
Este representa un volumen equivalente a 32 millones de m® de madera, valor 3 veces superior
al total de la madera talada anualmente con fines comerciales (madera en rollo, astillas, pulpa 'y
papel) (SEMARNAT, 2004). El consumo estimado de las pequenas industrias es de
aproximadamente 31 PJ (Masera and Navia, 1997).

El uso de lefia en México responde en términos generales al patron denominado “tradicional”,
caracterizado por: 1) su heterogeneidad espacial, 2) concentrarse en el sector campesino y
residencial, 3) el uso extendido de tecnologias locales y 4) practicas y sistemas de extraccion
muy diversos (e.g. manejo de regeneracion vegetativa, manejo de acahuales, extraccion
selectiva, extraccion aleatoria, etc.) (Masera, 1994).

La lefia en México se colecta o se compra normalmente en mercados locales. Aunque las
fuentes de oferta del recurso son en extremo diversas, se estima que un gran porcentaje de la
lefia se colecta en areas forestales (comerciales y no comerciales), de tierras agricolas en

® Woodfuel Integrated Supply Demand Overview Mapping (Masera et al., 2003).
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regeneracion, y de regiones aridas con cobertura arbustiva (Del Amo-Rodriguez, 2002; Masera,
1996; Masera and Navia, 1997). Las especies preferidas para lefia no necesariamente son de
importancia comercial, y muchas veces se utilizan sélo como combustible (Del Amo-Rodriguez,
2002; Diaz, 2000; Puentes, 2002).

|.5 Estructura de la tesis

La presente tesis se organizé en 3 capitulos centrales, una discusion y conclusién general y
seis anexos.

El capitulo 1l consta de un articulo publicado en la revista Biomass and Bioenergy, el cual es
una re-formulacion del reporte de la FAO del 2003 (Masera et al., 2003), donde se describe en
términos generales la metodologia WISDOM junto a tres estudios de caso. Posteriormente se
mencionan tres nuevos estudios de caso para Brasil, Sudeste Asiatico y Este de Africa que
fueron publicados como reportes en afios sucesivos.

El capitulo Il consta de otro articulo publicado en la misma revista, donde se aplica el modelo
WISDOM en México, y en el cual se obtuvo como resultado principal un nimero de areas
criticas formadas cada una por grupos adyacentes de municipios. Se utilizé6 un enfoque
metodolégico mejorado que incluye, entre otros, el uso de un marco multi-criterio, nuevas
variables de entrada, y la depuracién completa de la base de datos geo-referenciada a partir del
censo por localidad del INEGI y de una recopilacion extensiva sobre estudios de caso que
reportaron valores de productividad para diferentes clases de cobertura del suelo.
Posteriormente al articulo, se presenta una seria de mapas tematicos como producto del
analisis a escala nacional que no pudieron ser incluidos en el articulo.

El capitulo IV consta de un articulo sometido a la revista Journal of Environmental Management,
el cual explora un nuevo enfoque metodolégico, basado en la metodologia WISDOM aplicada a
escala nacional, pero orientado a identificar localidades particulares dentro de un area critica
previamente identificada en el capitulo anterior. Finalmente se adjuntan mapas tematicos con
resultados de interés sobre la regién de estudio junto a informacion relevante que no se incluyé
en el articulo.

El ultimo capitulo (V) consta de una discusion general sobre los resultados de los tres capitulo
anteriores junto a las conclusiones principales sobre el alcance de la metodologia propuesta y
las direcciones futuras de investigacion.

Al final del documento de adjuntaron seis anexos considerados relevantes, dentro de los cuales
se incluyeron dos nuevos articulos, uno publicado y otro sometido, los cuales estan
directamente relacionados con los resultados del presente proyecto.
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Il. EL MODELO WISDOM: UNA HERRAMIENTA PARA EL ANALISIS ESPACIAL DE LA
OFERTA Y DEMANDA DE COMBUSTIBLES DE MADERA

1.1 WISDOM: A GIS-based supply demand mapping tool for woodfuel management

A continuacién se adjunta el articulo publicado en la revista Biomass and Bioenergy, volumen
30, afio 2006."

0s5e puede obtener una copia en formato PDF del articulo desde la pagina Web de la revista:
http://www.elsevier.com/wps/find/journaldescription.cws _home/986/description#description “Search through the
articles of this journal”. Si no cuenta con el permiso de acceso, favor de contactarse con aghilardi@oikos.unam.mx y
le sera enviada una copia en formato PDF a la brevedad.
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Abstract

In this paper, it is argued that adequately assessing the implications of the current patterns of woodluel production and use, and the
sustainable potentials of woodfuel resources, requires a holistic view and a better knowledge of the spatial patterns of woodfuel supply
and demand. There is a need 10 conduct multi-scale spatially explicit analyses of woodfuel supply and demand that are able 1o articulate
local heterogeneity at the regional and national levels. Studies that provide Mull-country coverage and are based on consistent integration
of data at lower geographical scales are woefully lacking. This paper describes the Woodfuel Integrated Supply/Demand Overview
Mapping madel (WISDOM). This is a GIS-based 1ool, aimed at analyzing woodfuel demand and supply spatial patterns from a new
perspective that includes: (a) the assembling of existing but dispersed information into single data sets, {b) a modular integration of these
data sets, based on the analysis of key variables associated with woodfuel demand and supply patterns, and (¢) a multiple-scale and
spatially explicit representation of the results, in order 1o rank or highlight areas in which several criteria of interest coincide. The final
abjective of WISDOM is 10 assess the sustainability of woodfuel as a renewable and widespread energy source, while supporting strategic
planning and policy formulation. Three case studies for Mexico, Slovenia, and Senegal illustrate the practical implementation and
innovative results of using WISDOM.
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1. Introduction

When used in a sustainable way, biomass represents a
renewable energy source which 1s widely available.
Bioenergy can play a major role in the expected worldwide
transition to renewables, both in developed and developing
countries [1,2]; and have significant positive impacts on
climate change, by offsetting fossl fuel emissions. Esti-
mates of the bioenergy production potential in 2050,
reaches a maximum of 1.135 ZJyr~! [1,2]. For comparisor,
the global primary energy consumption in 2001 was 420 EJ
[3]. Ome step that is needed in order to design nationmal
strategies for sustainable biomass energy use and exploita-
tion is to understand in detail, the current spatial patterns
of biomass demand and supply over a country.

Currently, about 60% of the wood removed from
around the world is used for energy purposes. For the
group of developing countries this amount rises to 80% [4].
Woodfuel 18 one of the main forest products, iIn many
situations, the major product [5]. For a comprehensive
definition of the term “woodfuel”, please refer to FAO's
Unified Wood Energy Terminology [6]. Woodfuels satisfy
7% of the world primary energy consumption, and 15%
when considering the group of developing countries [4].
The International Energy Agency estimated that approxi-
mately 2.4 bhillon people living in developing countries
depend on woodfuels for cooking, heating, and boiling
water [7]. FAO projections to 2030 predict a slow decline in
the global annual fuclwood consumption from 1.611km?
(20003 to 1.501km?® whereas charcoal consumption is
expected to grow from 46 Mt (2000} to 76 Mt in 2030 [8].
For comparison, 1 hm® of wood (or 150 dam® of charcoal
obtained with poor techmiques) corresponds to an area
between 100km? and 200 km? of a mid-density mature
plantation. One hm® of wood is equivalent to approxi-
mately 10PJ. As seen by these numbers, woodfuel plays an
indubitable role as an energy source; however, its patterns
of demand and supply, and its associated social, economic
and environmental impacts are still poorly understood.

Historically, reliance on very general and ageregated
information on woodfuels has led to misleading concep-
tions about the effect of woodfuel use on the environment
and its sustainability: from pointing to woodfuels as major
direct causes of deforestation and forest degradation (e.g.
“woodluel crisis” approach [9 117} [12 14], to the denial of
any significant influence of woodfuel collection in these
processes [15,16]. These types of assessments have also
resulted in poor planning and ineffective implementation of
projects. The research conducted in the last decade,
including comprehensive field studies and projects have
shown that woodfuels demand and supply patterns are
rather complex and very site specific [17 25]. This
characteristic has shifted the early thinking of a general
fuelwood crisis to the understanding that critical arcas vary
from place to place [22,23,25]. Bven in regions with an
overall negative woodfuel demand/supply balance, not all
the places face woodfuel scarcity, and similarly, regions

with an overall positive balance may include deficit areas
[22,23,25]. In this article, the terms woodfuel “supply” and
woodfuel “production” are used synonmymously, as are
woodfuel “demand” and woodfuel “consumption™, since
they are used in a technical as opposed to an economic
SEemse.

To cope with these problems, thorough local studies
have been implemented (e.g. arca-based woodfuel flows
analysis: see [26] for the case of Mexico). The results of
these local investigations are then expanded at matiomal
level to guide energy actions and interventioms [23].
Although these approaches have proven the heterogeneity
of local situations, and provide the information needed to
understand wood energy situations at the local level, they
are expensive and time consuming. They also tend to be
limited to small areas, and to be sporadic, thus failing to
convey the national perspective needed for the design of
effective national policies, for completing national inven-
tories for greenhouse gases, or for estimating the national
potential of woodfuels as a renewable energy source.
Moreover, obtaimng exact measures of woodfuel deficits
(as in studies conducted using the traditional fuelwood gap
model [27,28]) presents severe methodological and financial
challenges, particularly considering the scarce resources
normally allocated to this specific sector [15]. Stull Little is
known, for example, about the amounts, extent, geogra-
phical locaton and dynamics of wood supplies: from
plantation strategies, to traditbonal wood collection and
harvesting methods [29].

In this paper, it 18 argued that adequately assessing the
implications of the current patterns of woodfuel produc-
tion and use, and the sustainable potential of woodfuel
resources, requires a holistic view and a better knowledge
of the spatial patterns of woodfuel supply and demand.
There is a critical need of planning tools that allow users to
integrate data from various sectors and to conduct multi
scale spatially explicit analyses of woodfuel supply and
demand that are able to articulate the local heterogeneity
into the regional and national levels. Studies that provide
full country coverage and are based on a consistent
integration of data at lower geographical scales are
woefully lacking. Such studies should be orented to
identify priority areas and sor spots within a country or a
bread region. In a second step, more in-depth analyses can
be conducted within prionty areas, allowing a more
efficient use of scarce available resources.

This paper introduces the Woodfuel Integrated Supply/
Demand Overview Mapping (WISDOM), a spatially
explicit method for determining woodfuel priority areas.
WISDOM has been developed by FAO, in cooperation
with the Center for Ecosystem Research of the National
Autonomous University of Mexico (UNAM). WISDOM
has been formulated as a planning tool and a methodology
to provide country-wide synoptic views of local wood
energy supply and demand patterns based on the consistent
integration of forestry, energy and soclo-economic data
and information. We also summarize the results of the
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application of WISDOM in three case studies in Mexico
[30]. Slovenia [31], and Senegal [32].

2. The WISDOM approach

Due to space limitations we show here the main elements
of the WISDOM approach. Refer to Masera et al. 2003
[33] for a complete description of the methodology and for
more details about its practical implementation, existing
databases, and other relevant information. WISDOM is
based on the integration of geographic information system
(GIS) and database technologies (i.e. geodatabase), which
offers new possibilities for combining, or integrating,
statistical and spatial information about the production
(supply side) and the consumption (demand side) of
woodfuels. This accessible, user-friendly technology makes
it possible to display the results of spatial analysis in easily
understandable ways to public officials and private citizens
as well as to the scientific community [34].

WISDOM is intended as a strategic planning tool, rather
than an operational one. Therefore, rather than absolute
and quantitative data, WISDOM is meant to provide
relative/qualitative values such as risk zoning , criticality
ranking or ranking by energy supply potentials, high-
lighting, at the highest possible spatial detail, the areas
deserving urgent attention and, if needed, additional data
collection.

To identify these critical areas or hot spots, relevant
interactions over a set ol socio-economic and environ-
mental variables, directly or indirectly related to woodfuels
use patterns are analyzed. WISDOM’s final objective is to
assess the sustainable potential use of woodfuels as a
renewable and widespread energy source, while supporting
strategic planning and policy formulation.

3. WISDOM methodological structure

Conducting a WISDOM analysis involves five main
steps (Fig. 1) (1) selection of the spatial base, (2)
development of the demand module, (3) development of
the supply module, (4) development of the integration
module, and (5) identification of woodfuel hor spors.

3.1. Selection of the spatial base

WISDOM is flexible and can be used for studies at the
national, regional or sub-regional level. For national-level
studies, which are most useful for policy formulation, the
analysis should be carried out at the lowest administrative
level for which demographic, social and economic para-
melers are available (e.g. the municipality). The sub-
national level of analysis is an essential feature of
WISDOM as it helps to avoid aggregations and general-
izations that have so negatively affected wood energy

1 . Selection of
spatial base

2 . DEMAND module

+« Woodfuel consumption
by type, area, user...
urban/rural population
population growth
urbanisation
socioeconomic data
({culturalliincome group:

. s e

3. SUPPLY

module
Land use/Land cover state
LUILC change
woody biomass by LU/LC
productivity; accessibility

wood industries’ by-
products

« local surveys

local surveys

4. INTEGRATION
module

+« Woodfuel deficit areas

+* Woodfuel surplus areas

+ Local pressure on woodfuel
S0Urces;

Sustainability indices

Fig. 1. WISDOM steps. Notes: The figure shows the five steps needed to complete a WISDOM analysis.



32 Analisis multi-escalar de los patrones espaciales de oferta y demanda de lefia en México

O Masera ef al [ Biomass and Bivenergy 30 (2006) 618637 621

studies i the past. Many countries have digital data sets
for their administrative units, which facilitate the analysis.
Census and other sodo-economic information are increas-
ingly provided in digital form. For regional (i.e. supra-
national} or sub-regional studies, demographic information
may be derived from the LandScan Global Population
Database of Oak Ridge National Laboratory in the United
States [35], which provides worldwide population density
maps at 30”7 x 307 (arc-second) resolution.

In this step, spatial and statistical data are linked
through a “map attribute table”. The table can be
expanded as needed by the addition of thematic attributes
referring to the same set of map elements or units of
analysis, in order to include all available information
directly or indirectly related to woodfuel demand and

supply.
3.2, Demand modulde

The demand module portrays the spatial distribution of
woodfuel consumption, disaggregated, if possible, by fuel
type (e.g. fuelwood, charcoal), by sector of users (e.g.

‘Table 1
Potential variables to be used m the demand module

household, industrialy, by type of demand (self-consump-
tionn, local market), and by area (e.g. rural, urban), since
each has a different impact on sources and sustainability of
supply, calling for separate lines of analysis. It is also used
to identify those areas showing distinctive consumption
dynamics (e.g. increasing woodfuel needs). Determining
the actual and expected consumption of woodfuels is a
complex task, as it 18 a function of socio-demographic,
technical, environmental, cultural, and economic variables
[21]. Table 1 shows potential variables that can be used in
the analyais.

The development of the demand module usually implies
the integration of consumption data from surveys
normally covering only part of the country, and using
different methodologiesfassumptions with sodo-demo-
graphic variables obtained from census information. The
main challenge in this module is to find either direct or
proxy variables, available at the national level, that can be
used to estimate consumption levels and their spatial
distribution. As WISDOM wuses statistical information
disaggregated by sub-national units, it is necessary to have
complete data sets associated to these units in order to

Variable Desired breakdown Possible sources of information
Woodfuel consumption by households ® Fud type (fuelwood, charcoal} ® Household energy surveys
& End use (cooking, boiling water, o Estimates are available at national level, rarely at sub-
® Woodfuel use per capita heating} national level, often based on project level data.

® Number of users at time ¢ e Urban/rural populaticn

* Combination of fuels

& Minimwm administrative unit of

Estimates may differ from source to source
National census and/jor LandScan® population density
map 1958/2000

analysis
Woodfuel consumption by industrial users o Type (and size} of industries o Estimates usually based on project or survey level
o Minimum administrative unit of data
® Woodfuel use per unit of product analysis & National census/fsurveys for industries (rarely
o Nuwmnber of users at time ¢ comprehensive for industries belonging to the
informal sector}
Density of users & Urbanfrural o National census andfor indirectly through surveys
® Household/industrial ® National census could be assessed through GIS

® Saturation (% of users)
o Users by km®

Average el growth rate of connenpiion/ * Urbanfrural

UFEFF * Household/industrial
& Woofuel exclusive/multiple fuel users
Resilience of corsumption + Ethnic groups

o Income groups within urban/rural

e Relevant socialfeultural groups population

e I[ncoms levels

Woodfuel exclusive/multiple fuel users

analysis

National Census and country population projections
UN poepulation projections are available at national
lewel only. Sub-national tite seties from national
statistical services. Population growth maps (from
LandScan} are expected to be developed shortly

National census
Income expense national household surveys

Source: Adapted from Masera et al [33].

*Global Population Database produced by the LandScan Global Pepulation Project of Cak Ridge National Laboratory, which is a worldwide

population database at 307 x 30" (arc-second} resolution.
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“spatialize’” the information over the maps. Gaps in the
data may be filled in three ways: (1} by the use of proxy
variables to ““spatialize” discontinuous values (e.g. using
rural population as a proxy for woodfuel users);, (2) by
extrapolating information available at the project level, to
the entire study region (i.e. to extrapolate fuelwood
consumption per capita). This procedure may be valid in
cases where data does not need to be highly accurate or
where woodfuel consumption estimates cover at least
representative regions or situations within the study area;
and (3} by filling specific or critical data gaps with new data
coming from field surveys. This option could be very
expensive, so the surveys need to be carefully designed, to
mimimize the cost and effort for a given precision level.
Different woodfuel survey methodologies can be used for
these purposes [25,36].

Several criteria can be set to determine priority areas in
terms of woodfuel demand. For example, one might be
interested in areas that show: (a) high woodfuel consump-
tion; (b) high density of woodfuel users; (c) high growth
rates of woodfuel consumption or users, either by house-
holds or industrial users; {(d) high resiience of woodfuel
demand (in terms of cultural attachment to fuelwood use,
represented for example by the percentage of ethnic
population}.

The precise criteria, and the corresponding prioritization
of areas, will depend on the specific objective of the study.
For example, the study may be mmtended to identify places
with large potential market opportunities for new technol-
ogies or places with major health impacts associated with
the use of open fires for cooking.

3.3. Supply module

Having access to reliable data on woodfuel supply has
been historically one of the main challenges in wood energy
analysis. For this reason we will be more explicit in this
section. To the extent allowed by the existing information,
the supply module should provide a spatial representation
of all nmatural and planted woodfuel sources, their current
stock (volume of biomass), their change over time and their
productive capacities. Thus the analysis iv nor restricted to
natural forests, but also encompasses, plantations, tress
outside forest, woodlands, shrubs, Live hedges and any
other main source of woodfuels. The main, and often the
only, sources of information for developing this module are
national forest inventories, since detailed surveys of
biomass stocking and productivity covering non-forest
land-use classes are still rare events. In most cases, stocking
and productivity for non-forest woodtuel sources (shrubs,
agricultural plantations, agro-forestry practices, etc.) will
be inferred or guesstimated. Given the paucity of data on
non-forest classes, the development of this module will
usually rely on local studies, even if of limited coverage,
and experts’ opinions.

As with the demand module, it is essential to use
disaggregated statistics referring to small spatial units of

analysis rather than aggregated averages. Table 2 shows
the potential variables to be used for the development of
the supply module. In general terms, it may be assumed
that the woodfuel supply capacity (WSC) of an area is a
function of several factors which include, among others: (a)
land uselland cover and relative changes; (b) biomass
stocking and productivity of trees, shrub and herbaceous
species; and (¢} accessibility.

Detailed land wse/land cover inventories are still scarce
but increasingly available at the national and international
level. An interesting example is the FAO AFRICOVER
Project over East and Central Africa countries. Promising
features of AFRICOVER products are the wall-to-wall
coverage of all countries at a good level of detail (scale
1:100,000 1:200,000% and the associated Land Cover
Classification System (LCCS), which represents well the
wide variety of low-density vegetation types characteristics
of African landscapes, and offers a good basis for the
estimation of woody biomass stocking [37].

Concerning land cover change, national deforestation
rates are available in countries that regularly conduct
monitoring studies. However, only few tropical countries
undertake regular monitoring studies from which sub-
national change patterns can be derved (India, Brazil
Timited to Legal Amazon have some, but there are none for
Africa for example). Richer information on land cover
changes was produced for the tropical belt, by region and
main ecological zones, Other sources of information
include the Remote Sensing Survey of the Forest Resources
Assessment (FRA RSS) carried out during the 1990
Assessment, and continued in the 2000 Assessment
[38 4042)]. This study produced highly consistent informa-
ton on the land cover change processes and trends for the
periods 1980 1990 and 1990 2000 through the analysis of
satellite time series over a 10% statistical sample of tropical
land. Important information from this study is the biomass
flux diagram, which provides a useful indication on the loss
or gain of woody biomass associated with each change in
land cover. The FRA RSS analyzed 117 sampling umits,
gach of them covering an entire Landsat  scene
(185 x 185 km}. Additional evidence on the change in land
cover occurring in the humid tropical regions over the
period 1990 1997 has recently been produced by the
TREES II Project of the Furopean Joint Research Center
on the basis of a statistical sample of high-resolution
satellits images covering the dense forest formations of the
humid tropics [37,41]. The TREES High Resolution Study
analyzed 93 sampling umnits, 39 of which covering full
Tandsat scenes and 54 covering quarter scenes (approxi-
mately 100 x 100 km}. Neither ot the two studies produced
country-level results, but each of the sampling umits
analyzed in these surveys, which vary in size between
10,000 and 34,225km?, may contribute some interesting
insights into the local patterns of change.

Information on biomass stockings and productivity of
natural forests and plantations may be derived through the
integration of land cover information with conventional
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Potential variables to be used in the supply module

Variable

Desired breakdown

Possible sources of information

Land use/land cover class

Land use/land cover change

Woody biomass stocking by land
usg/land cover

Average biomass production by
land usefland cover class

By-products of primary and
secondary wood processing
mdustries

Accessibility

Allland usefland cover classes must be
consideted (including both forest and son-
forest classes}

Crude deforestation rates should be
avorded; land cover transiions (l.e. using
land use transition matrices} are well suited
for this type of analysis

Biomass stocking for all land usefland
cover classes including croplands,
shrublands, ete.

Productivity indices for all land usefland
cOVer classes

Type and quantity of by-products
fresidues) produced by main industrial
processes (by wit of processed main
product}

Spatial distribution of industrial units

Adjust total area by legal reasons (e.z.
protected areas), for physical reasons (e.g.
slope, distance, natural barriers} and for
economic reasons (e.g. tenure
fragmentation tnaking the extraction

Mational Forest Inventories, .. AFRICOVER mapping in Africa
using FAQ's Land Cover Classifieation Systetn [37)

National monitoring studies; large-scale studies such as FACG's
(Global Forest Resources Assessment remote-sensing survey
[38 40]; TREES II high-resolution survey [41]

Forest inventory data (volune sxpanded to total biomass),
inference and extrapolation from detailed studies to include non-
commercial species used as woodfuels

Forest inventory data (vigld expanded to total blomass), nonforest
iomass surveys (still rare}; inference and extrapolation from
detailed studies; agro-ecological zoning

Mational statistics on industtial production. Chamnber of commerce
data et size and distribution of wood processing industries

Legal access: national or international maps of protected areas,
such as those of the World Conssrvation Usnicn (IJCIN}

UNECONOMICH

FPhysical access: digital elevation models (DEMs} and route maps
{e.g. products derived from the Diigjtal Chart of the World)
Econotndc access: cadastral data on forest ownership; average
property size and fragmentation

Source: Adapted from Masera et al. [33].

forest inventory data (volume and yield) [43]. For instance,
the LCCS applied in several African countries, which is
based on classifiers independently describing three vegeta-
tion layers (trees, shrubs, and herbaceous), may be
combined with local volume and yield estimates to produce
biomass density maps. Rarer are stocking and productivity
estimates for non-forest formations such as scrublands,
homestead gardens, windbreaks, roadside trees, farmmland
trees, etc.,, which may represent important woodfuel
sources for the rural population [24,43 45]. Usually this
aspect will need to be covered by inference and extrapola-
tion of detailed studies conducted at the project or micro-
regional level.

Access to woodfuels must be considered when calcolat-
ing the WSC of an area [30,40]. As with other variables,
accessibility results should be disaggregated by minimum
units of analysis, following each scale of analysis (Table 7).
Physical accessibility may be defined in a Geographic
Information System (GIS} through the use of slope
information from terrain models (e.g. GTOPO 30; Digital
Chart of the World-derived products), using a buffer
analysis based on road networks and settlements distribu-
tion, and other parameters. Different assumptions or

access thresholds should be taken into account by type of
extraction practice (¢.g. considering fuelwood: gatherers
using vehicles, draught animals, or none of these) and by
final use (e.g. selling and trade in local markets, self-
consumption). For example, from a national perspective,
access to areas with woody vegetation could be calculated
from broad buffer zones around clusters of localities with
high woodfuel consumption. When dealing with local or
micro-regional accessibility patterns, more detail studies
using high-resolution digital elevation models (DEMSs) and
local route maps are recommended. General assumptions
for accessibility studies should be based on local survey
data. Legal accessibility will identify the areas where wood
extraction is forbidden, such as nmational parks or just
private lands. These areas may be derived from national or
international maps, such as the IUCN map of protected
arcas, and from cadastral databases.

The quantitative WSC value is extremely difficolt to
determine with precision since it depends on the capacdity
(potential) of an area to produce biomass which may vary
widely [15]. Moreover, the majority of research on this area
as noted above has concentrated on establishing the
amounts of usable timber produced by commercial tree
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species (1.e. annual increment of stems), which is not of
interest for the rural woodfuel supply [44]. On the other
hand, estimating the woodfuel supply of non-forest areas is
particularly complicated because of the high degree of
variability in the woody cover and productivity of these
arcas. In many instances, the capacity of agrcultural
farming systems to produce woodfuels depends on the level
of demand (e.g. population density [46]) and accessibility of
alternative sources, which might bring their production to
a higher or lower priorty level, with respect to other
products [22]. However, as mentioned earlier, the scope of
WISDOM is not operational planning, for which quanti-
tative precision 18 essential and definitely more demanding.

In this context and within the scope of identifying
priority areas where the demand/supply balance indicates a
possible deficit, the supply module may concentrate mainly
on land use and land use change, and may use indicative
biomass productivity indices based on ecological charac-
teristics. For example, if the aim i to identify areas with
potential woodfuel shortages, then the study could look for
arcas that show: (a) rapid depletion rates of forests and
woodlands as a result of land-use changes or high pressure;
(b} change in land use patterns such as increased field size
and associated loss of hedges; (¢) low biomass productivity;
{d} poor accessibility. Alternatively, areas with larger
potential for sustainable woodfuel production will be those
showing accessible woody vegetation with good stocking
and productvity.

3.4, Integration modile

The main scope of the integration module is to analyze
relevant interactions between the demand and supply
modules in order to derive mew variables that can
potentially be used to prioritize areas of concern. One of
the main challenges for this meodule is achieving a
consistent integration of databases, given that demand
and supply estimates come from very different sources (e.g.
demand estimates are usually done by the Energy Ministry,
whereas supply estimates come usually from the Forestry
or Agriculture Ministries).

The integration is done through the combination of the
variables related to woodfuel consumption and supply that
have been systematized for each minimum administrative
unit of analysis. Several variables or indicators can be
designed to analyze the combined impact of woodfuel
supply and demand. A necessary first step is to derive
estimates of the woodfuel demand coming from different
LU/{LC classes. The woodfuel sources to be considerad will
include natural sources such as forests, other wooded lands
(shrubs, shifting cultivations, etc.} and man-made sources
such as forestry and agricultural plantations, agro-forestry,
windbreaks, etc. Detailed information on these aspects
come from local surveys, which are usually conducted over
specific ecological regions, and need to be adapted to the
national context using for example, wood extraction
coefficients by LU/LC class.

The selection of indicators is decided case by case,
depending on the availability and accuracy of the data.
Potential indicators include:

» woodfuel deficit = [woodfuel supply—woodfuel de-
mand] < 0;

» potential pressure on woodfuel sources (natural and
non} = [woodfuel demand/total accessible woodfuel
SOurces|;

» CO; net emissions = f [woodfuel deficit].

Strictly speaking, woodfuel deficit areas are those with
negative values, and should include of course, demand and
supply from non-forest areas. However, since it is difficolt
to obtain precise information on both supply and demand,
different thresholds could be defined so that woodfuel
deficit areas could include those with a range of values
around zero.

Potential pressure on woodfuel sources 1s given in metric
tons (1) (or cubic meters (m*)) per hectare per year and thus
gives an idea of the average local wood productivity needed
to cope with the existing woodfuel demand. If the demand
is higher than the wood productivity in the area, then a
deficit, or unsustaimable situation, may be assumed.

Net CO; emissions will be registered in those areas where
woodfuel extraction remains unsustainable. Estimates of
total Greenhouse Gases (GHG) emissions coming from
woodfuels can also be derived using emission factors for
the most common end-use technologies, such as open fires
[47.48]. As the estimates come from a detailed spatializa-
tion of data (Fig. 23, they are much more precise than the
current figures available at the Natiomal Greenhouse
Inventories submitted to the United Nations Framework
Convention on Climate Change (UNFCCC). The spatial
analysis of woodfuel GHG emissions can also be useful for
deriving regiomal baselines on Clean Development Me-
chanisms (CDM) projects.

3.5, Identification of woodfuel hoi spois

The final step in the WISDOM appreoach is the
identification of those areas where action is urgently
needed in terms of demand, supply or both (i.e. ugh-
Lighting woodfuel Aot spors). Departing from old ap-
proaches, like the fuelwood gap model, where the
identification of hor spois was based entirely on a
quantitative estimates of woodfuel deficits, WISDOM aims
at identifying areas showing a distinctive woodfuel situa-
ton and dynamics. To do so, common multivanate
statistical procedures data grouping techmiques, factor
analysis, cluster analysis, indexing and others could be
used. Alternatively, the final grouping of sub-national
areas, in terms of their priority, could be done using an
overall woodfuel priority index that reflects the key aspects
of the areas of analysis in terms of woodfuel demand,
supply and integration variables [30].
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Fig. 2. CO; net emissions from fuelwood use in Mexico, 2000, Notes: The map shows the net CO; emissions (in metric tons () of CO; per year) by county
aggregated into three categories. CO, net emissions are estimated as the difference fuelwood consumption and accessible woodfuel productivity of forests.
This analysis shows that only in very specific regions of Mexico fuelwood harvesting is actually contributing to net CO; emissions to the atmosphere.

One proposed procedure for constructing the woodfuel
priority index involves four sub-steps (next section
provides examples of priority indexing using the WISDOM
approach): (a) Selection of a robust set of variables
associated with woodfuel consumption and supply, ex-
tracted from the demand, supply and/or integration
modules. The selection of final set of variables needs to
consider the integration of different concerns regarding
woodfuel consumption and availability of resources. (b)
Allocating each spatial unit of analysis to a category in
terms of each of the individual variables selected in the
previous step (a). (c) Construction of an integrated
woodfuel priority index by unit of analysis: based on the
ranking of each spatial unit of analysis for each of the
variables selected. The construction of an integrated index
may need multi-criteria analysis, particularly when tryving
to integrate variables from different fields (e.g. social/
economic/environmental, qualitative/quantitative). (d) Al-
locating each spatial unit of analysis to a particular group
according to the integrated woodfuel priority index
calculated in the sub-step (c). This final step involves a
re-grouping of administrative units into categories (from
low priority to high priority), along the integrated
woodfuel priority index.

According to a pre-defined set of criteria, WISDOM
helps in rating the units of analysis, at any one scale, into
priority categories. Further ratings can be conducted
through successive scales of analysis (i.e. over different

sets of units of analysis state, county, community, etc.).
For example, if the identification of areas with potentially
large social impacts is important at the national level (e.g.
health problems associated to indoor air pollution), zoning
can be done according to the number and density of
woodfuel users, the availability of alternative fuel sources,
and the socio-economic situation of woodfuel users.
Studies looking at potential forest or land degradation
caused by woodfuels, will try to identify regions where
woodfuel consumption is high, resilient, and increasing.
They will also look at cases where woodfuel supply is at
risk, due to loss or degradation of natural vegetation and
where the demand/supply balances indicates a deficit or
where a deficit is likely to develop in the near future.

4. WISDOM case studies

So far, three case studies have been conducted using the
WISDOM approach. These case studies are all at the
country level and involve Mexico, Slovenia, and Senegal.
They represent contrasting situations in terms of overall
woodfuel dynamics, ecological and socio-economic con-
texts and policy implications. In this section. we present a
short discussion of the most relevant features and findings
for each case study; more detailed information regarding
the methods used and the results obtained is available on
the respective publications (Mexico [30]; Slovenia [31];
Senegal [32]).
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4.1. Mexico case study

In Mexico, approximately one fourth of the population
cooks with fuelwood, either alone or in combination with
LPG [49,50]. The residential fuelwood demand for the year
2000 was 320PJ [51]. equivalent to 32hm’ of wood, a
volume three times higher to the total commercial timber
legally harvested in the country per vear [52] (Fig. 3).
Fuelwood consumption accounts for half of total residen-
tial energy demand in Mexico. Therefore, assessing the
country’s sustainable wood energy potential and viable
options for the use of woodluels deserve urgent attention.
Fuelwood use in Mexico responds to the so-called
“traditional pattern”, characterized by: (a) its spatial
heterogeneity, (b) being focused on the rural and house-
hold sector. (c) the widespread use of traditional technol-
ogies, and (d) a very diverse array of extraction practices
(oak re-growth management, abandoned crop-plots man-
agement, selective extraction, random extraction, etc.).
Fuelwood in Mexico is mostly collected or bought from
local markets. Although diverse sources of fuelwood exist,
it is estimated that most of it comes from forest commercial
and non-commercial areas, abandoned farming plots under
re-growth, and arid regions with shrub cover [26,53].
Preferred species for fuelwood are not necessary the same
as those of commercial value [51,53,54]. This represents a
key problem when trying to assess the potential production
of biomass as the majority of research on this area has

concentrated on establishing the amounts of usable timber
produced by commercial tree species (i.e. annual increment
of stems) [44].

The WISDOM case study conducted in Mexico [30] was
directed to determine fuelwood hot spois for the year 2000
(Table 3). The analysis was based in the integration of
national geo-referenced multi-temporal databases that
cover comprehensive information on fuelwood associated
variables, for 2401 municipalities or counties (out of a
country total of 2436). The main data sources were (a) the
last National Forest Inventory [53], with 69 land-use land-
cover classes (1:250,000); (b) an extensive review of the
literature and case studies in order to estimate fuelwood
productivities by LU/LC class, and per capita fuelwood use
by macro-ecological zone; and (c¢) the National Population
Censuses for the years 1990 and 2000, in which data about
number and distribution of fuelwood users is available. At
the national level, municipalities were ranked based on (a)
the number of fuelwood users; (b) the percentage of
households that use fuelwood: (c) the density and (d)
growth of fuelwood users; (¢) the cultural resilience of
fuelwood consumption (i.e. percentage of ethnic popula-
tion). and (I) the magnitude of woodfuel forest resources.

The WISDOM analysis confirmed the high heterogeneity
of fuelwood situations within Mexico, allowing the
identification of 267 high-priority municipalities, distrib-
uted over 16 hot spots, where action to assure the
sustainability of fuelwood use is urgently needed (Fig. 4).
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Fig. 3. Household fuelwood consumption in Mexico, 2000, Notes: The map shows the estimated average fuelwood consumption by municipality (county),
according to number of fuelwood users and per capita consumption by major ecological zone. Counties with =12 kt yr ™’ are those that deserve particular

attention given their high fuelwood consumption,
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Surmmnatrized features of the WISDOM analysis in Mexico

Main featutes of woodfuel use in
Mexico

Chjective and scope of the analysis

Het spots or high pricrity areas

definition

Scales of analysis

Demand module data sources

Supply module data sources

Integration module

GIS system

Priority zoming

Accessibility analysis (access to
forest areas from localities)

Main results

® Woodfuel use congtitutes three times cotmercial timber harvesting and represents 50% of total residential
energy demand in the country

Woodfuels demand is concentrated on fuelwood and on rural areas. Most fuelwood is either collected or
beught from local markets and is directed to houssholds

Most fuelwood comes from forest areas, relatively little from agricultural areas

The use of agricultural residues and dung is not widespread

To determine fuelwood Aot spots at a national level for the year 2000
To identify priority areas for action at a sub-municipal level, over a previously identified Aot spof
The analysis focused on houscholds and fuelwood exclusive users

& Areas showing high fuslwood demand, high density and growth of fuslwood users, high resilience of
fuelwood consumption (in terms of social and cultural aspects} and few or insufficient woodfuel resources

Wationial level: data disaggregated by municipalities (couties)
Hot spot level: data disaggregated by localities

The National Population Census 1990 and 2000
A comprehensive collection of localjregionalfnational surveys on energy use in the household sector

* The Mational Forest Inverrtory 2000 (1:250,000). The original 69 Land-use land-cover (LU/LCklasses were
aggregated into seven major classes. Average Momass productivities were assumed for each LUJLC class

A new vatiable called “fuelwood balance” was created integrating supply and demand variables
Woedfuel conswnption coming for each LUJLC was alse estimated

The GIS database includes multi-temporal information on fuelwood demand and supply for each of the 2436
muticipalities in the country

® A set of six uncorrelated variables was selected. Municipalities were grouped into five main categoriss for
cach variable. A simple mdexing of all the six variables and a further grouping was condueted to rank
municipalities into five categories or classes of priority. Hof spois correspond to high priority areas

Data sources at the national level:

e Starting points map (lovalities with more than 100 fuelwood users each, for the whole country in the year
2000}
® The National Forest Inventory 2000 (1:250,000%

Drata soutees at the fof spor lovel:

* Detailed analysis using Digital Elevation Model, reclassification of forest map, and population by locality
® Local surveys on fuelwood gathering patterns for housshold use

& National level: identification of 267 high priotity municipalities grouped over 16 clusters (Fig 4)
& Hot spot level: 37% (1481 km?) of the total forest area of the selected ho? spof is accessible to fuelwood
walking gatherers at 1h round trip (Fig. 5}

Source: Adapted from Masera et al [30].

The area covered by high priority municipalities accounts
tor approximately 10% of the country. WISDOM also
allowed producing thematic maps of policy and scientific
relevance, such as net CO, emissions derved from
fuelwood use (Fig. 2). Following a multi-scale approach,
a first exercise was conducted over one hor spor in Central
Mexico, in order to identify specific potential aresas for
establishing bioenergy plantations and improved wood-
burning cookstoves. The results showed that 37%

{1481 km®) of the total forest area within the Aor spot s
accessible to walking tuelwood gatherers (Fig. 5).

The main policy impacts of the WISDOM Mexico case
study include so far: (a) a consistent and comprehensive
geodatabase with detailed multi-temporal information on
fuelwood supply and demand patterns for each of the
2401 municipalities within Mexico, which will be soom
available on the Internet; (b} the identification of priorty
mumnicipalities where to conduct improved woodburning
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Fig. 4. Fuelwood hot spots in Mexico, 2000, Notes: (A) Hot spots correspond to clusters of high priority municipalities (counties in red). Prionzation of
counties was made using a Fuelwood Prionty Index (FPI). The FPI was constructed using six variables: (a) number of fuelwood users; (b) percentage of
households that use fuelwood; (¢) density of fuelwood users; (d) growth of fuelwood users; (e} cultural resilience of fuelwood consumption (i.e. percentage
of population belonging to indigenous groups), and (f) balance between demand and supply of fuelwood. (B) Detail for central Mexico showing the States
of Bstado de Mexico, Veracruz, Morelos, Hidalgo and Puebla. It can readily be seen that most kot spots are located in central and southern Mexico, and
that they follow specific patterns, rather than being uniformly distnbuted over the country area.

cookstove programs and multi-purpose energy plantations,
to be undertaken by the National Forestry Commission;
and (c) a revision of previous GHG emission estimates
coming from woodfuel burning, that has served to update
and improve the Mexican National GHG Emission
Inventory.

Before the WISDOM analysis was conducted, Mexican
data about fuelwood consumption and supply belonged to
the forestry, energy and census agencies separately. The
information was neither integrated together nor shown in a
spatially explicit way. WISDOM results allowed a new
perspective about fuelwood use patterns in Mexico, not
only because of the integration and processing of all related
fuelwood data into single data sets, but because of the
possibility to select specific areas of interest, according to
certain criteria (i.e. fuclwood consumption, CO, emissions,
and fuelwood priority areas).

4.2. Slovenia case study

Slovenia is a biomass rich country. Forests cover
approximately 60% of the country and are accompanied
by other land uses which are often rich of woody biomass
and by consistent areas of abandoned farmland which
revert to forest. The demand for woodfuels is concentrated

on fuelwood (the production and use of charcoal being
marginal) and on rural areas. A large part of the fuelwood
trade is informal as wood is either collected by farmers
from their own lands and forests or bought locally. There is
a consistent wood processing industry composed of
numerous small and medium units. The proportion of
fuelwood coming from non-forest areas is larger than 20%.
Most demand comes from households for heating pur-
poses. Other uses such as district heating and combined
heat and power plants (CHP) are still marginal but may
grow as viable energy policy alternatives.

In spite of an increased interest on biomass resources
and on their role as renewable energy sources, biomass
goes largely unrecorded in both forestry and energy sectors
and official statistics provide only generic and contra-
dictory information. In addition, the geopolitical transfor-
mations of the last decade opened up new forest
management issues related primarily to the marked
[ragmentation of forest ownership.

In this context, the Slovenia Forest Service (SFS)
requested FAQ assistance to conduct a WISDOM analysis
in the country. The project’s overall objective was
increasing Slovenia’s capacity to formulate adequate wood
energy policies and plans compatible with the sustainable
management of forests (Table 4). Specifically, WISDOM
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COUNTY BORDER
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UTM 13M PROJECTION B
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Fig. 5. Fuelwood priority areas at a sub-municipal level in central Mexico, 2000. Nates: (A) Location of the Purfiepecha Region within Mexico. This
Region is a frot spot in the country priorization by the Fuelwood Priority Index (FPI). (B) Accessible forests are those located within buffer areas around
localities. These buffer areas are a function of slope and walking velocities of fuelwood gatherers. Total Region forest area is 4002 km?; while the accessible
forest area is 1481km”, (C) Patzcuaro county, within the Purhepecha Region. Total county forest area is 243 km?; accessible forest area is 93km®; and
accessible Oak [orests are 7km®. Oak forests are highlighted as these species are preferred as fuelwood in the Region. Actions to assure sustainable
fuelwood use should then be concentrated on accessible Oak forests, Note that scale bars differ in one order of magnitude.

was directed to integrate the information relevant to wood
energy planning in a comprehensive spatially explicit data
set and to identify the priority areas for the implementation
of wood energy projects.

The WISDOM analysis allowed constructing a Slovenia
Geodatabase that presents a first holistic vision of fuel-
wood demand and supply parameters and their spatial
relation. The database provides, for each of the 2696
Cadastral Communities (KO) in the country, all variables
relevant to the household wood energy sector that could be
so far assembled and/or estimated. Those aspects related
with wood industries are still under analysis. A total of 120
parameters are associated with each KO, therefore a wide
variety of thematic maps can be produced.

As meaningful examples of the WISDOM case study,
Fig. 6 shows the spatial pattern of today's [uelwood
production/consumption situation, which has a balance
close to zero, and Fig. 7 shows the distribution of available
surplus resources according to current allowable cut, which
is estimated at some 1.1 hm?’. A priority zoning was also
conducted, combining three aspects that are of particular
relevance in future forestry planning of woodfuel produc-
tion: (i) high surplus of non-timber assortments suitable for
energy use, (i) high fragmentation of forest properties,
and (i11) high proportion of forest stands at thinning stage
(Fig. 8). The areas identified are critical from a sustainable

forest management viewpoint: in these areas forest owner
associations could be promoted that would achieve an
acceptable profit level and at the same time undertake the
needed silvicultural treatments that are otherwise ne-
glected. In these contexts, energy offers good opportu-
nities, with benefit for the society and for the forest
ecosystem.

4.3, Senegal case study

Senegal was selected as the first African WISDOM
case study in view of the importance of its wood
energy sector and the extensive use of charcoal. Until
recent years, woodfuel consumption in Senegal was
characterized by a strong demand for charcoal in Dakar
and other main urban areas and by fuelwood dominating
in villages and rural areas. However, the use of LPG is
rapidly replacing charcoal in urban areas (apparently
lowering the pressure on the resources) but at the same
time charcoal is becoming a preferred fuel by village
dwellers due to the increasing distance of stocked wood-
lands that limit self-gathering and other socio-economic
factors. Production areas are often over 500 km far from
consumption sites.

The WISDOM study for Senegal was undertaken on the
initiative of the FAO Wood Energy Programme with the
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Table 4
Suntnatized features of the WISDOM analysis itt Slovenia

Main features of woodfuel use it Slovenia o Approximately 60% of Slovenia is forested; other land uses are often rich of woody biomass

® The damand for woodfuels is concentrated on fuelwood for household conswnption in rural areas

® Large part of fuelwood trade is informal. Over 20% of total household consumption ¢omes from nom-
forest-areas

o Industrial consumption, such as district heating systems, combined heat and power plants (CHF} and
other industral use depend mainly on byproducts (residue) from wood processing industries

Noem-househeld uses are rather marginal but may grow as viable energy policy alternatives

Obijectives of Slovenia WISDOM

To integrate relevant information for wood entergy planning available in Slovenia in a spatially explicit
data set and to fill eritical mformation gaps

o To understand the actual potential of wood energy as an economically and environmentally sound
alternative ot complement to fossl fuels

To identify priority zones suitable 1o the development and implanentation of wood energy projects

Mimimun administrative spatial unit of
analysis

The spatial base was dewloped ot cadastral communities (KO), which represent the basis of Slovenia
tetritorial structure. The 2,696 KO units may be aggregated at municipality level and at any other
reporting level, Additional layers are settlements (5997 points)

Demand module data sources

National eensus data on dswellings that use fuelwood for 2002
Estimated energy requiretnents for heating and other domestic uses
Industrial consuwmption {partial data on 65 bicmass systemns)

A comprehensive Slovenia Forest Service database ont forest compartments {over 65,000} and its new
digital map, with information on stocking, antual increment, assortments production including
fuelwood, actually cut quantities, management phases, cwnership data, ete., all at KO lewel

A specific survey was catried out for non-forest fuelwood soutces

Forest area changes 1975 2000 by KO

Distribvution of wood processing industriss

Supply module data sources

Integration module A GIS and a geodatabase were created inchuding all available consumption and supply parameters for
each of the 2696 KOs and other point data

Additional set of variables were created such as various balances of production feonsumption values to
indicate the pressure on fuelwood resources and potential surplus of fuelwood for advanced wood

energy initiatives

Ineluded fuelwood production potential, property fragmentation and overstocked young forests at
thinning stages

o Further grouping can be condueted to rank KOs into various categories and priotity levels according
to planners’ need

Priority zonimg

Other results & Sloventia Wood Energy Information System (SWEIS), which provides the first cobierent wood energy
balancs of the country
o The current data set will serve to support, the preparation of & new Natienal Programins and Action

Plan for use of wood biomass, which should be prepared by the end of 2005

Souree: Adapted from Drigo [31].

scope of testing the methodology and the benefits of the
integrated approach in an African country. The Centre de
Suivie Ecologique (CSE) of Dakar provided the main
information for its realization. The analysis was based
exclusively on existing data.

The main scope of WISDOM analysis was to carry out a
first-level evaluation of Senegal’s woodfuels consumption
and production patterns based on the information pro-
vided by the CSE, integrated with other information from
available documentation and web sources (Table 5). The
analysis allowed constructing a database that integrated
information from a Senegal vegetation map  with biomass

stocking and productivity estimates for the 30 LU/LC
classes  with woodfuel demand parameters for each of the
321 Rural Communities (CR) in the country.

Two additional objectives were developing future
scenanos on the hkely supply/demand ratios tor each CR
in the year 2010 and providing a priority zoning of these
CRs based on current woodfuel use patterns and the
scenarios to 2010. The scenarios were based on two recent
energy surveys, which were carried out in 1992 and 1996
that estimated consumption and substitution rates among
different fuels. One scenario considered only the consump-
ton pattern reported in the last survey (A: static scenario),
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Fig. 6. Current fuelwood balance in Slovenia, 2002. Notes: The map shows the spatial pattern of current fuelwood balance between production and
consumpiion. The balance is defined as the difference between the estimated fuelwood actually extracted from Slovenia forests and non-forest areas and

fuelwood consumption for domestic heating and cooking.
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Fig. 7. Potential fuelwood balance in Slovenia, 2002. Notes: The map shows the spatial pattern of potential fuelwood production/consumption balance
between current non-timber allowable cut plus the estimated non-forest productivity and household consumption. Overall balance is estimated to be over
1.1hm’. The darker green areas indicate the locations with highest woody biomass surplus. In these areas, for instance, new wood energy systems could be

located,
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Fig. 8. Fuelwood prionty areas in Slovenia, 2002, Nofes: The map shows an example of priority zoning denved from the combination of three thematic
elements: property fragmentation; wood surplus considering current local consumption and potential sustainable productivity; and fraction of forests at
thinning stage, Red areas are those with higher values in the three thematic clements.

projected using population growth in rural and urban
areas. The second scenario considered also the 1992 1996
fuel substitution rates (B: dynamic scenario). In this case
there is a reduction of fuelwood and charcoal consumption
in urban areas in favor of LPG and a significant shift from
fuelwood to charcoal in rural areas, which appeared as the
potentially most critical factor, setting an unprecedented
strain on the country’s limited wood resources. If the
trends assumed in scenario B become real, one of the
important effects of the changing consumption patterns is
the likely spreading of charcoal production to respond to a
more diffuse local demand. This may cause a sudden
increase of charcoal-making in areas previously undis-
turbed (at least for this specific use), making the pressure
on local wood resources more ubiquitous and more
difficult to control and manage. Figs. 9 and 10 show,
respectively, the supply/demand balance at vear 2010
according to the static scenario (A) and to the “dynamic™
scenario (B).

A preliminary Woodfuel Priority Index (WPI) was
developed using several indices based on the possible levels
of consumption at year 2010, on the consequent local
supply/demand balance and on socio-economic parameters
that represent the poverty level (CSE poverty index). Fig.
11 shows the result of this process, highlighting the Rural
Communities that deserve particular attention in view of
their combined levels of consumption and balance (accord-
ing to the “dynamic™ scenario) and of access to basic social

services and infrastructures, defined by the CSE’s poverty
index.

5. Conclusions and future research directions

The WISDOM approach allows constructing an inte-
grated and comprehensive perspective of wood energy
systems that catalyzes the dialogue between forestry and
energy agencies and that facilitates the definition of sound
policies and strategies.

The main benefits of using WISDOM include:

@ [t allows a holistic vision of the wood energy sector over
an entire country or region; while identifying circum-
scribed priority target areas, where action should be
concentrated in order to optimize the use of available
human, institutional, and financial resources.

e It can be used to promote the development of wood
energy as a locally available and environmentally
friendly source of energy.

o It helps to clarify the true role of forestry and
agricultural sectors in supplying woodfuels, and it is
hoped that, in doing this, it will favor a clearer
allocation of responsibilitics and promote synergies.

@ Within the context of climate change, WISDOM is a
useful tool for helping in developing National GHG
Inventories.
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Surmmnatized features of the WISDOM atalysis in Senesgal

Main featutes of woodfuel use in
Senegal

Obijectives of Senegal WISDOM

Minirnuim administrative spatial

unit of analysis

Demand module data sources

Supply module data sources

Integration module

Priotity zoming

Intensive wse of woodfuels, includitg charcoal

In recent years LPG is rapidly replacing charcoal in urban areas but at the same titne charcoal is becoming a
preferred fuel by village dwellers due to the increasing distance of stocked woodlands that limit self-gathering
and other socio-economic factors

Production areas often over 500km far from consumption sites

To review, harmonize and integrate, the available information related to production and consuwmption of
fuelwood and charcoal at the level of Rural Comimunities (CR) in 2 spatial explicit format
To review possible scenarios to the year 2010

The base layer consists of 321 Rural Communities (CR}
Additional map lavers included the distribution of rural villages (13,211 villages}, the road network (8
categories} and protected areas

Urban and rural population data by CR and 1550 2010 time series

Saturation of fuglwood, charcoal and LPG by whban and rural users and by Region and estimated per-capita

consumption rates

Socio-econemic parameters (access to drinking water, health services, market, roads and schoel} for 13,000

villages and swnmatized by CR

Titne seties of household wrban and rural conswmption 1990 2010 by CR were developed, according to two

different scenarios:

O Seemario A. 1996 consumption pattern (Sermds survey) projected using wrban/rural population growth rates

O Scenario B. Scenario “A" plus 1992 1996 consumption trends (comparison of ABF/DE 1992 and Sernis
1596}

Senegal vegetation map (based on USAID/DAT 1952} with stocking and productivity for each of the 30 classes

of the map (derived from PSACD 1998}

Map of Senegal Protected areas with 5 categoties

Estimated exploitable fraction of wood rescurees according to protection categories and distance from roads

and villages

Titne seties of wood stocking and productivity (total and accessible fraction} by CR according to two change

scenarios:

© EROCS = stocking and productivity reduced in titne according to the land use change estimated by ERCS/
USGS CSE owver the period 1965 2000 [56]

= FRA = stocking and productivity reduced in time according to the forest area changs estimated by FAO
FRA 2000 [40].

Titne series (1990 2010} of balance between household fuslwood and charcoal consunptions and totalf
accessible wood resources (scenatios EROS and FRA). The balance analysis represents the first level of
integration of supply and demand variables

A simple Woodfuel Priotity Index (WPL} was developed using several indices, for cach Rural Comemunity,

based on thres main elements:

< the possible levels of charcoal consumption at year 2010 aceording to scenario B

O the local balance between total demand of wood for energy (fuelwood and wood for charcoal} and the
estitnated accessible and exploitable wood growth

O spciosconormde paratneters that represent the poverty level (CSE poverty index)

Source: Adapted from Drigo [32]. Please refer to the list of abbreviations for a better understanding of the special terms nsed in this table.

A detailed spatial representaton of the woodfuel
situation 18 clearly one of the prerequisites for promoting
the sustainable use of these fuels within developing
countries. A spatial analysis constitutes also a powertul
tool for strategic planning: it helps both achieve a better
understanding of the corrent wood energy situation and its
future trends as well as helping to direct scarce financial
and human resources to those areas needing most
attention. Combined with other energy planming tools,
the WISDOM approach can help in the design of robust
policies and more effective actions. It should be empha-

sized that WISDOM does not reduce the need to collect
local data but rather it stresses this need since its reliability
is influenced by the quantity and quality of the data
available and it helps to define the critical information gaps
that really disrupt the analysis. WISDOM can also be
improved over the years to progressively enhance the
consistency of wood energy analysis.

A long road is still ahead in terms of further
methodological development and potential applications
of WISDOM. First of all, the approach needs to be tested
against more case studies characterizing a diverse and
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Fig. 9. Fuelwood balance scenario in Senegal for the year 2010-A. Notes: The map shows the balance between household woodfuel consumption
{fuelwood and wood for charcoal) and estimated sustainable productivity according to the “static™ scemario (A) (see text), which used the 1996
consumption survey data projected according to population growth rates in urban and rural areas.

1800000
+

BALANCE
B LARGE CEFICIT
I VEDIUM DEFICIT

LIGHT DEFICIT

BALANCED SITUATION

UGHT SURPLUS
P MEDIUM SURPLUS
Il LARGE SURPLUS 100 0 100 200 300 Kilometers
UTM 28N PROJECTION . |

UD&N

Fig. 10. Fuelwood balance scenario in Senegal for the year 2010-B. Notes: The map shows the balance between household woodfuel consumption
(fuelwood and wood for charcoal) and estimated sustainable productivity according to the “dynamic” scenario (B) which used the 1996 consumption
survey data but projected the consumption according to the 1992-1996 trends and to population growth rates. Also shown are the “traditional™ charcoal
production areas,
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Fig. 11. Overall woodfuel priority areas in Senegal, 2010. Notes: The map shows the estimated woodfuel priority areas within Senegal for the year 2010.
The figure highlights the Rural Communities that deserve particular attention in view of their combined levels of consumption and balance (according to
scenario B in Fig. 10) and of their limited access to basic social services and infrastructures, defined by the poverty index developed by the Dakar’s Centre

de Suivi Ecologique (CSE), Senegal 2002.

contrasting set of circumstances. Case studies that deserve
attention include situations were a large fraction of
woodfuels come from agricultural areas or from non-
woody biomass. The new challenges coming from these
case-studies will serve to make the methodology more
robust and adaptahle to the variety of circumstances that
may be found in different countries.

Moreover, clear linkages between the WISDOM analysis
at the national/regional level and interventions at the local
level must be developed. Having identified the woodfuel
hot spots at a national/sub-national level, a more detailed
spatial analysis needs to be conducted within each of the
priority areas or hor spots [30]. For this purpose, a better
understanding of the local woodfuel system (i.e. the
different ways in which wood resources are produced,
harvested, transformed and converted finally to energy,
taking into account the larger context of forest resources)
is needed. Masera et al. [30] shows an example of this
type of analysis for a region in Central Mexico. The
analysis of the local woodfuel system will allow the
identification of concrete topics and issues for actual
interventions. Thus, a logical chain of actions from
national planning to local intervention can be estab-
lished. Tt should be noted that this last step will need
additional planning and implementation tools as well as a
participatory approach that effectively incorporates the
local population.
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I1.2 Actualizacién de nuevos estudios de caso que utilizaron el modelo WISDOM

Al momento de terminar esta tesis, se ha aplicado el modelo WISDOM en tres nuevos estudios
de caso alrededor del mundo. Asi mismo, paises como Argentina, Espafia y Guinea Bissau han
mostrado interés en el modelo. Por cualquier duda referente a la metodologia y sus potenciales
de aplicacion, se recomienda al lector contactarse directamente con los autores de los reportes
y articulos cientificos citados en la presente tesis.

11.2.1 Brasil"’
El objetivo central del estudio fue implementar el modelo WISDOM en Brasil, mediante el cual
se obtuvo por primera vez una evaluacion integral de los patrones espaciales de oferta y

demanda de madera para energia en ese pais.

Figura Il.1. Mapa de coberturas del suelo de Brasil generado para el proyecto WISDOM.
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Fuente: Ghilardi (2007).

" Ghilardi A. Estimacion espacial de la oferta de madera para energia en Brasil. Reporte para la Fundacién Memorial
de América Latina. Sdo Paulo, Brasil; 2007. Para obtener una copia en formato PDF del reporte favor de contactarse
con aghilardi@oikos.unam.mx.
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Figura Il.2. Balance municipal de madera para energia para el afio 2000 en Brasil.
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Fuente: Ghilardi (2007). Notas: Oferta natural segun mapa de coberturas del suelo (a partir de datos de productividad
recopilados por Ghilardi et al. (2007) menos la produccidon de madera para energia segun informacién censal,
excluyendo aquella que viene de plantaciones energéticas. Se consideraron aéreas accesibles de 30km alrededor de
localidades y carreteras principales, y una productividad minima esperada de madera para energia por hectarea por
afio para cada categoria de cobertura del suelo.
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11.2.2 Sudeste Asiatico’

El estudio se llevé a cabo para Camboya, Laos, Malasia, Myanmar, Tailandia, Vietham y la
provincia china de Yunnan. Mediante la priorizacion de unidades espaciales de 81 km2 se
estimo que el 14% del area total (min=0.4% en Malasia y max=27% en Vietnam) presentan
situaciones deficitarias en el abasto de combustibles de madera.

Figura I1.3. Relacion entre oferta y demanda de combustibles de madera para el afio 2000 en el
Sudeste Asiatico.

Waom eters

Fuente: Drigo (2007b). Notas: las unidades basicas de analisis espacial corresponden al nivel sub-nacional
i.e. homologas a los Estados en México.

Figura Il.4. Pobreza extrema y disponibilidad de combustibles de madera para el afio 2000 en el
Sudeste Asiatico.
ﬂ(\“ (:3

e d; Most enitical = high cefick and high poverty
Least critical = high surplus and low povedty

I 1 - most critical
. :
1

Fuente: Drigo (2007b).

"2 Drigo, R., 2007. Wood-energy supply/demand scenarios in the context of poverty mapping. A WISDOM case study
in Southeast Asia for the years 2000 and 2015. FAO Wood Energy Programme (FOPP) and Poverty Mapping Project
(SDRN). Food and Agriculture Organization (FAO) of the United Nations (UN), Rome. Available on the Internet:
http://www.fao.org/nr/geo/abst/geo_071101 en.htm (ultima visita en Abril del 2008).
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11.2.3 Africa del Este™

El estudio se llevé a cabo para Rwanda, Kenia, Egipto, Burundi, Congo, Eritrea, Somalia,
Sudan, Tanzania y Uganda. Las areas que presentan situaciones deficitarias entre la oferta y la
demanda de combustibles de madera equivalen al 12.5% del area total. La ocurrencia 'y
distribucién de estas areas es muy variable entre los distintos paises. Los paises mayormente
dominados por areas deficitarias son Burundi y Rwanda.

Figura I1.5. Relacion entre oferta y demanda de combustibles de madera para el afio 2000 en
Africa del Este.
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Fuente: Drigo (2007a). Notas: las unidades basicas de analisis espacial corresponden al nivel sub-nacional i.e.
homodlogas a los Estados en México.

13 Drigo, R., 2007a. East Africa WISDOM - Woodfuel Integrated Supply/ Demand Overview Mapping (WISDOM)
methodology - spatial woodfuel production and consumption analysis of selected African countries. FAO Wood
Energy Programme. Food and Agriculture Organization (FAO) of the United Nations (UN), Rome. Available on the
Internet: http://www.fao.org/docrep/009/i8227e/j8227e00.HTM (ultima visita en Abril del 2008).
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Il. ANALISIS ESPACIAL DE LOS PATRONES DE OFERTA Y DEMANDA DE LENA PARA
USO RESIDENCIAL EN MEXICO UTILIZANDO EL MODELO WISDOM

[11.1 Spatial analysis of residential fuelwood supply and demand patterns in Mexico using the
WISDOM approach

A continuacion se adjunta el articulo publicado en la revista Biomass and Bioenergy, volumen
31, afio 2007."

' Se puede obtener una copia en formato PDF del articulo desde la pagina Web de la revista:
http://www.elsevier.com/wps/find/journaldescription.cws _home/986/description#description “Search through the
articles of this journal”. Si no cuenta con el permiso de acceso, favor de contactarse con aghilardi@oikos.unam.mx y
le sera enviada una copia en formato PDF a la brevedad.
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revised Azsesaments andd new feld dars, i owas argoed that
the natore and fpacts of the woodfuel crizie had been
:'tp'l.irp:anll_l,l overestmafed, and that there was less of a
prohiem than had been foreseen: wooded use seldom
posed a serioie threat of deforssiation and redocad noces
1o woodfuels was fairly eamly mapsged by bouseholds
through o aumber of supply amd demand substitinen
poszibilities [8.9). The mesearch condiscted during the 19905,
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including comprebensive field sludies and progects, have
ahown thai woodfels demaml and supply patterms are
aber complex amd very sie specile (8 16) Deflci
situntions that severely offect woodfse] wsers andlor
negatively impact natural forests vary from place 1o plice
(B9 14,060 Even in regsoas with an ovemll negative
woddfve] demand supply balance, not all the places face
wimdfnel scarcity, amd similarly, negions with aa oversll
posilive balance may ielude deficit arcas 89,014,016 1]

Interest on potential FY deficits has grown recently due
to their codtribution 1o global GHO emissions. Diverss
soiees (19 21] indicare that ibe unsastainable harvest and
burning of biofnels by the resklentinl sector may acoount
for about 4% of global OOy emissions. As with the gap
approach, these esthmates come however from aggregated
estimates that do ool iscorporate the heterogeneity of local
sifdatioss.

In ibe need for approsches that help identdfving critscal
areas amd focusing resources and/or aciions on thase plces
that actimlly face mare acule problems, Masera et al [3,22)
developed the woodfuel integrated supply demand over-
view mapping (WIS WISINIM s o spatialexplicin
planning 1ol for hiphlighiing aml determimiag woodiael
prionty areas or woodfuel hor gpous. To identify these
critical areas or fuw spovr, spatial units of analysis at any
one scale, are mnkel mio prorly categories, by analyzing
relevant ineractions over a st of socicecomomic and
enwironmental criterin andd imdicators, directly or indirecily
related b woodiiel sapply anil demand patierns. Wood-
fuel hor spods can be thus established accondmg to a
number of criteris and indicators set by the wsers,

Folhwving o hierarchical analyzis through mudiiple spatial
scales, entical arens Sdemtificd in ihe first siep, can be
furiher amalysed based on more accurate data. ln this
manner, fesources can be used more efficienlly and pobces
cun be more effectively direcied amd tailred to the specific
characteristhes of the sites. ISDEATs final objective s 1o
avprsd the sustainable potential wee of woodfuels as a
rengantrle and widespreml energy sounce, while mipporting
strategs: planning and policy formulaisen.

S far, WESDOM has been conducted in Slovenan [23],
Semegal [24], East Afiica [25] and Souwtheast Asia [26]
Condisciang a WISDOM analvsis inwlves five maia sieps
iFig. 1) (1) determining 1he minimum spatial wait (M5
of analysis} (2) developmenl of the supply module; (3)
devebopment of the demand module; (4) development of
the integration module; and (3) sebection of the priosty
areas or woodfoel hot spors. For a camplete description af
the methodology and for more details about i practical
implemeniation, exinting daiabases, and oqber pelevane
information please refer 1o [2,22].

Two main olgectives were defined for the Mexico
WISEIAF nnalvsic (1) Mentify at a national seale, FW
bt spors i terms of ressdential FW use andd availabiliiy of
FW resotiroes For the year 2000, and (2) estimate net OO
emisbons fram the noprencaable we of FW by the
resideniial secior for the same vear. As mentivaed above,
Muri spous can be defined acconding to o menrber of different
criteria ancl indicators, depending on the abjeciives af the
amsrmmend. I thiv artiche, hoy spous wene defined a3 arcas
where- ja) insmificeent FW resources could be negatively
aflecting & mapor number of resdentiol FW users and {b)

1. Selection of the spatial basa

3. SUPFLY module

Fig 1. WISDOAL siegn.
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FW extraction for resdemtial use could be exsrbing
pressure on natural woody areas. Following fer spars
defimition, & relevant s of indicators associated to FW
supply and demmand pattcrns was selected.

L, Fuclwood supply amd demand patterns in Mexico

In Mexico, approximately ome fourth of the population
cooks with fuskwood (FW), either alons of in combination
with LPG [17,27). The residential FW denacd for the vear
1000 was 320 PT [28], equivalent to 32 milkon m” of wood, &
vobume ihree times kigher 1o the 1odal comenercial timber
kegally harvested m the counlry per wyoar 29 FW
consumption accounis for half of tolal reddential snengy
demand n Mewoe, Therelone, asscssing the country’s
sslaieable wood ensrgy podential and viable opiions For
the uir of wondiods deserve uwrgent attention. FW use in
Mexico responds mostly to the so cilled “tmdibonal
paitem’, characierized by: (a) iis spatal beisrogeneity, (b}
beng focused on the reral and housshold secton, (e} the
widespread use of iraditonal lechrologies such as open
fires, and (d) a very diverss aftay of extraction practoss,
FW m Mexco 15 mostly collected or bought from local
marksts, Abhougk diverse sowrces of FW oexist, ot s
catimated that most of it comes from forest commercial
and noncommersal areas, abandoned farming phots under
re-growth, and and regons with shrub cowver [30,31].
Prefetred specics for FW are not necessary ihe same as
thods of commercial vilue [28.30,32], This represents & key
problem when irying to assss the potential prodocEon of
biomass as the mapority of rescarch on this area has
comcerlrated on esablishing the amounts of wsable tmber
produced by commercial tree spaciss (.. anmal increment
ol stema) [33],

1. Methods: conducting a WIESIOW analysis in Mexico
X1 Drara acquisinion and (wregradion wra a geo-darahere

The data sounces nsed for this analyes were: (a} the latesy
Mexican Matonal Forsst Inmventory (MWFT) publshed in
the year J000 (123000000 [14), with 6% land cover classes
iwhen consadering agnicelivre sub.divicons, this number
niszs bo T4 (B) the National Population Censuses for the
veurs 1990 apd 2000, in whick datn aboul mumber and
distribution of FW wsers is available [27.35) (¢} a goo-
referenced map of Mexican counties [36] id) a natonal
band cover chanpe map (1993 2000}, obtaxined from cross-
ing the MNFL with a 193 land use, bnd cover and
vepetaton map from INEGI (Series 11}, als im 12500000,
and (=) & meticulous review of the lterure [26,37 53], and
Mexican case studics [2830 32,54 25] in onder 1o exlimais
FW produdivites by land cover chss and per capita BW
consumption by maco ecological zops.

Relkevart spatial aed statistical information from dats
swourees were combined mio an “alnbule Whle™ Erked to s
GIS platform {ie. geo-database), The development of a

geo-database is & key tool o relate woody biomass supplies
to populiton distribotion [5% 61).

32 Derermining the miviveumn spatial ani [ MEL) of

Environmental, social and economic parameiers with
full pstion-wide coverage are mostly available st the state
oF miursepal sub-national administrative kvel of rnional
divisson. The sub-national admmisarative base map deter-
mirss the spatal resolution of the demard and supply
madnles and, corsequerily, the WISOOM level of aralbyais
and proowity zocing. For the Mexicain BTSINA analyss,
ihe MEL selected was the county or “municipio”, which is
ihe secord sub-ratiosal admimstrative level of rrtoral
division. Drisappregated cepsus data by county is avadable
for Meouoo al the Mexican MNational Bureau of Statstic
(INEGE webh page [62] The Mexican geo-refersnosd
couniy map was published in 1992 and s available from
INEGE for the 2424 counties existing in 1995, exchuding
fesular territory. [hue to geo-statstical changes at the
bureaucratic level (countics are merged, divided, created
and deleted frequently [63]), onby those countics that coukl
be tracked all the way dunpg the i=n year penod
(1990 200} were ncorporated into this analves (23035
courlies).

33 Bupply mvodede

38 E Awrpions

The fuchwood supply capadiy (F5C) of an area 15 a
funcbon of: (o} FW stockmg and productivity of lamd
cover chases (matural formations apd anthropic baed-
scapes); (b land cover relative clanges; and (chacoesstbiliny
[3.61,64]. Assumptions for these virinhl= wenz sel in order
io cabmubsie indicabors valess, Allhough wood rpesiduss
fromm commenzal logping, @wmill apd corstructon
aclivilies may represent sn Dmporlant source of FW
specfic areas, they were mol consdersd in the analysis as
censes data on these activiBes 15 only available al the
couniry level

3300 Fuelwood productivicy by lamd cover clasx  The
FW preductvity of an area & o funcbon of tke abowve-
groend woody Womass productivity of trees, shrub and
herbaczous species by land cover class, induding ihe rate of
coarss dead wood acumalation, ks the fraction of woosd
with allernitive potential uses (e.g. commercial loggng of
stems with DBH =30cm [764) Witkin the scops of
tdmbifying prionty arcas where the supply/demand balarae
frbicatss o possible deficit, the sopply module may use
imdicative biomass productivity indices basad on scologcal
characleristics [3].

FW productivities of different land cover clisses were
assqpred using the latcst MINFI [34) plus a metoukeus
revicw of the Eleratens [26,37 53] The MKNFL was
corductsd over & period of a year and was based upon



58 Analisis multi-escalar de los patrones espaciales de oferta y demanda de lefia en México

478 A (il o &l [ Blowsary and Biomergy 3T (2007 ) 47551

dats from INEGT and Londsst ETM-7 imagery. The
procedure  followed  the interdependmnt  interpretabion
meibod [65] which chiefly includes wisual up-dating of ke
classes meodified between the reference dats base (Series 1
ard the curremt image (Landsst ETM-T7 from 20000

Tubis
Aperegated land cover chssid Enked 1 lwdwood produchvily cetimalid
Lassd et lank FW inciement H.I.ul:" Referetcni
-]
Mgha 'y P
Tropical evisgoen p v Al 1.1 &1 {37
Foaresi
Tropcal evergreen scondary 18 0T 4% (4
Torreat
Tropical denedace pramary 13 1.2 1LE 3%
forent
Tropieal decidusud wdossdury 1.2 0E ILE 3%
Torest
Pramasy coafrow oreat 20 0 18 [4D 45
Prmary coaifencu and 24 LT 1 [0 d3]
‘troadizaved fonet
Prmisy oadleaved forei1 26 0s 4.4 [40 4%5]
Secoadary coallana forest 17 0Ly 1% A0 43]
Seceadary contfenom and 24 D& 34 (40 45]
Tervadieaved fonea
Sacoadury troadkeawed fogmt 2.3 or e [0 44]
Pramasy esubland (¥ 10 2.2 [45 48]
Savcadary sorublisd 1.3 0T XD [ 4]
Wlusproves 5.0 L% (45 37
Agrrulture pastare” 0% [ R} 264

Neter: be epite of the Ml 1507 mwi auihon dugiee on The impormat role of
roa foresd wvicves @ wuppiving FW Tor hoasehokis, the shudits providimg,
" &ne by racre [34]. The vahet dussersed B thid

Tar eover €laas should be regasded b b fEND ApRTCTRNATIOR.

i borvegronand wondy Momae ratatie s P in dry weghs,

¥Bawd cn mizmurs and mausm vilutd fepodted & the Hierahore,

TP foreat powroes of woody Taomass (uathrome [kndscapesl kErscal:
Ture &nd pastuare hade

The legend i Biernrchical with four levels, camely,
vegelnbon formabtions, vegeinton types, vepelabon com-
muritics and vegeiation sub-communities, gving a todal of
T4 classes (69 when merging agrioubiural land covers). The
imvenbary wis subjected to & rebishility ssessnent with the
aid of digital astial photography (scabe 1:15,0040) [64]. For
the purposs of the present work, an apgrogated kepond was
derived from dz MMFL Table | summarizes the informa-
ton gathaed through ke Lisrature review and shows FW
productivity assumplions for cach aggregated bind cover
clags (13 chusses) in the supply module.

Y212 Fusbwood producrion changes benveer yoars [933
and 2004, Land cover changes nmocated with deforesta-
von, nogatively affect FW supply in ibe medinm and long
term. The armual rate of deange of FW production by
county, betwesn years 1993 and 2000, waes esbmated,
A simplificd kegend was derived froen de MNFL, with six
bind cover clisses. A malrix reumieg increments and
decrement in FW productivitiss des 1o bied cover changes
that ocowmed between years 1993 and 2000 was con-
dructed (Table 2. Vahies in Table 2 were then multiphed
by the area that wndsrgo each lamd cover transition
between yoars 1993 apd 2000, 8 onder 1o oblain positive
nnd negabive vanations m FW producton by county due 1o
b cover changss.,

JA013 Accesmihifity Fueblwood, either for housshold
sl consumpiion or for commerzalizabon im local mar-
kets, comes mostly from areas within Emited distances
from bocabites [30 3258 64). The main scope of aocesd-
bikty amalyses 14 b melate woody biomas supply o
popubsbon distrbution [39,64]. Dhstance to FW sources
i a varable commonly reporied in the Bizranere. Based on
a review of ade studies for Mexoo |30 32 58], baffers
arpund main roads and localitiss wers st to define

Tabis 2
Wi in [uch | die 5o boed ol ghan g
[ 00

Agricultarefpasture  Oiher® Prmary temperste  Secondary Prumiry Sacondary

and wopecal foneifs  Wempiride and aerpbisdn isublandi
ropmal fobati

AgprirulTore BRbTEE el 03 L% 1.2 1§ K]
Ciar® .k 0.0 & 15 [ ne
Pramasy lempirale 254 1.5 1E i1} 183 i1 L]
tropecall Jorests
Secoadany temprits and [T is 1] 0 o4 n?
ol Torests
Pramary srublands [ 3 1.2 gt 04 o ox
Secoadary wfublindi 0.5 L] 1R} T 1% 3 10

Hn':r.\'ld‘i.l.hahﬂ FW sertnen i were ohased u1u-55u-um-hn-m lwmhhhiw’ﬂ&l& (&g Irom pramasy wrubland e 1933
(EMgha 'y Fyto socadary sorubland in 2000 (1.9 hgas b j'-]..—ﬂ o pbphn by Bk A.wn(lmﬂhiﬂ.d(mﬂlﬂ“uﬁwm

ﬁH:l.'b:rl‘q}t.'.:l P

Ind cower aoean: (1) sgricoiTowpadtoe = 0EBphs Py 5 (3

oberr = (L4 Bl b ! 'r'.t.'-]nmur:rlﬂ'nmﬁrm:h'unmhlm-!hd:rn 1"Irm-mhn1tnmnhud tropcal foraets. = EI'.lH.ihl L LA

(%) pramasy wfublindi = | SMghs LE

1; and (5} icondasy weublondi = |3 Mphs 1y

Urban aread, (ks manE oV, ud Wrekk wEl B0 woody WEETNEOR OF mﬂmm at all
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ncoessible areas at the national scale. Only those locakbes
with at kst 200 howses that use FW as the only fuel source
were considered (41,004 Jocalities in vear 2000, where 91%%
af potal FW users bve [27]). Accesstble ancas {ie. acossable
buffers) were ailaulsted condidering arcles of 10km mdins
arcund bocakitics and 3ken a1 each sids of main soads,
Accrsaible arcas cover almost T0% of toml Mexcan
Ezrritory.

A Ghafardy ¢f af | Boscagy asd Biormeegy 71 (J007) 47548 &1
Table 3
Avernge per ity Miehwood coarmation i Meioe
Mager sological tome Per capita FW Range®
P S
fepday 'eap ")
Tropead Ruud i} 1.5 2%
Tropaal dry 1.4 14 %
Tempetite 10 2237
S - 1.3 | T
Witands L] (RN
Oiher 1.4 [

332 Indicarors used im the supply module

Two poorly correlated indicators (Pearson correlabon)
eehauted to FW supply were incorporated into the thematic
aribute table of the supply module. Indicators” values,
disaggregated by county, were calculated through the
spatial inlegration of basic data wsng ArcVisw (wrgon 8.2

The indicarors are
i3
§=%"14,00), (1

Jaul

where & is the FW supply per county in Mgy~ idry
matizel; A 1 ke covnty accessible arca by land cover V™
m ha aed P 1% the FW productisity by land cover 57 in
Mgha 'y

]
= EH& AP, 2}
dml
where Le b5 the apnual vanation e aboveground woody
biomass production per county in Mpy™', dus 1o land
cover chanpes thal acowrred between yoars 1993 and 3000
in Mexico; Ay 15 the county nccessblz area by land cover
ransition “E" in ha {cp from primary scrubland o
sccondary scrubland); and AP 15 the FW productiaty
change (postive or pegative) by band cover marsiiion “E"
in Mpha™'v=" (Table ).

T4 Drewand modile

Fdl. Azmemprions

Sipmificant wvarations in per oapite 7% consumption
have been reported in the biterature aacording to areas with
varying supphy of woody resporces (i, eoo-regions)
[67 9] We assumed average per capita FW consumpuon
by major ecological zone (lemperate, tropical, dry, wel-
binds and other} bassd on a comprehensive review of case
sndies and surveys in Medeo 28,30 32,54 55] (Table 3).

342 Indicarars maed i e dimiamd modele

S poorly comclated mdicaiors (Pearson correlanony
rchiled b0 FW demand, were inocorporsted imilo the
thematc aitrnbots table of the dzmand moduls, These
imdicanors are

e F s M, 3}

where T represenits total users per county; £ are exchusive
FW wsers per counly amd A reprosents maxed useors per
county (peopls that use botk FW and LFG) L't a varable

MNpser: Oran estmites based on @ review of rusting studies. Conmmpiicon
walurk 450 in dfy weighl €a3 = pef clfila,
See aher Ddnz |29 for & compredenues roves of caie shalie and worvers
i= Mencs

"Bassd o= iz dnd matieee viles repeaied 0 1he Weranee for
i,

reported by INEG] while A is esBmated adjustivg [
through a goefficient (0.25) based from Diaz |25], The
sccuracy of the cocffciont was teated useg bocal surveys,
where exchusive ard moxed wsers are reporied |25 wva
INEGH cemsus data by loality, were orly exchesive wsers
are reporied [27)

D= (U 4+ M D3 A, i)
where [ is the FW wiers’ density per county in users” ka ="
A is the county acoessible area in ka. Mixed users were
multplied by 0.5 as per capila FW corsumption is kalf of
ihat sspamed For exclusive users. Orly FW users within
acerssble arcas were conssderad (see Section 3.3.1.3),

SAT = F/H, (5
where SAT is 1ke saturmtion per county, F are the number

of houscholds that use FW per county, amd & are the total
number of houssholds per county,

1= (@ U, 5}
where 4 18 the discrete rate of FW users” growih between
years 1990 apd 2000 per county; I are FW users per
coniy in veas M0l L are FW users per county in vear
19490 apd 1 i 10 years.

f=1IufPr. 7}

where [ & the pereentage of people belonging to an ethmnic
group per county; [y is the number of prople over 5 years
ald that speaks an iligenous lapgaage per county and Pe
is total population per county. This wariable & linksd to
FW use pattzrns as o proxy measure of the reskence of
comsumpiion, a3 FW use i a culiuml chamcieristic of mos
cthoie prowps in Mexeo.

3
Com S TICU o f, « Cle (175 M 0.5, i5)

where 15 the FW consumpten per county mn Mgy~
(dry matter); CLJ, is the per capita FW consumpiion per
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county by major ecological zome 7 in Mgy~ idry
masttery; £, s the perceniage of todal county area covered
by major ecological rons “0F; and O s 8 coefficient that
adjusts per caplin FW consumption by minimum Sverage
annual tEmpemiures per county (rangng from i mild
cold repioms 1o L7 in cold areash Mined users wers
minleplied by 05 a4 per capita FW consumption & half of
that ssomed for exchusive wsers,

A5 faregration module

The mformaton gathersd in the supply and demand
mardules was combined 1o estimate a FW sipply-demand
balance (8, disspgregaled by county, thal was used to
complste the integration module,

BwS=0, (%

where # 15 the balance between FW supply and demand per
county in Mgyt (dry matter). Consumption (£} in this
squation was adjusted for those FW wer within accesibls
arcas (w00 Secivon 1.3.1.3)

R Menrificarion of Mexicom fuseood kot gpars

Ir order to idently Mexican FW hotrposs, the metho-
dobogical approack deoscribed by Gemeleit [W] was
fellowed. This approach uses a geogmphical information
svatemn (G5} and & spatally explicie Muls-crilena analysis
(MCA) o ideniily prionbes among spatial urits, repre-
senled by Medcan counties in this arkcle. Counbies are
asessed by means of selectad FW osupply and demand
iedicaters, and tben mnked by usng MCA 1chnbques.
Four steps were followed: (1} standardization of indicators,
(2} weight assigrment, (3} aggregation procsdure, and (4)
construction of a fuelwood prionty mdex (FPIL

Ao d. Seemderdizanan of badicrrens
Indicators in the supply, demand and  intepmbion
merdiles were standardized by genzrabing a Ensar valos

function (1.2, & function thal expresses the relation betaeen
the varable or indicator real vahie and the comesponding
vahoe score (Between 0 and 1) [T0M]. Maximom and
minimium hresholds were st 1o ebmunale extreme real
wahores from the wilee funcbon. Indicafor’s exireme
maximum ard micimam vabies were st o 1 and 0,
respectvely. See Appendix.

I8 Weighr asvigmment and aggregation procedure

Following Creneletti [T0], these different weight sots wers
assigned e indicators o oorder e inchods  differemt
perspeciives inte ks pricrization apabvsis (Tablk 43 In
the frit scl, cqual weighls were assagmed o all mdicators
(70%% of the overall weight disinbulsd within fve demand
indicators and 307 within two supply/micgration indica-
trsp o the second sct, 90% of the overall weighe was
distributed betweer FW supply/intsgraton indicators,
suchk a5 balance and land cover change, while in the therd
sl 90°% of the overall weight was distmbuted between
demand indicatoss, From the aggregation techmiques
avalable in emvironmental MCA [72), and given the kagh
number of spabal umts o be compared and the guanbta-
tive nature of indicators, the weghted summation tschei-
qut & the most appropriate for this study, apd consists n
adding all weighted standardized scores from all indicators
used.

The weightsd summation culput (WSO} per county by
weight sei s~ s gven by the aguation:

1
WSO, w0 3Ry . Wy, (10}
d=i

where R 5 the stamdardized score per county for sach
mdicator “d™;, and I 15 the waght assipped for each
midicator “d” and weight set =5, As dandardized scores
are used, valuss of WS vary betwesn 0 and |,

Fa.5 Consrucrion of a FPY
The fnal step in the priorization acalyss was 1o select the
lopsooring countiss within the thees weghted summation

Tabin 4
[ndicators 124 weight wed o The ploriiten acalyuis
Indicatos Abbicy. Equaticn Uit Madule of  Weaght St | Weaght 5217 Weight 521 3
Ly
FW aseri I £ mamber of Dhimnaced ons gz L]
T
FW demity Fo i s of Dhincesd o4 ook 1o
wsers b
Sarniratice (Moo ki) BAT k] B Dhéinicesd ol oo 1o
PO asers’ grosth (1550 2000} 4 ) Y Dumaed ons oo 033
Pereeztage of paecgle llongmg [ T % Dmaczd o4 (il | e
10 08 BTk e
FW bhalanos & i My | Iawgration Q4 05 £
Land cover change i @ Mgy | Supply o4 040 D4
(s 00a)
Teotal [ Wil 100 1.0

Neeer Tomb do 8ot ek Teoauss of roasd up, Mot PW pasply (55 asd coanaseaon (C) indcounion weee replioed by FW balueos (B
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Tablke &
WED faseakoldi and mursber of couNDE 8 eRch cIBRRTY

PPl e WED Sowakold valin
ilgh priomty =06

M2 Bagh prichny 04 0.5

M pnonty 0.y g4

had-low prianty ol% ok

Lo BAICnTy PN B

Narer Mid-Bgh proeity cousie rtade oouries o witch eack vl of
the three WSO m Righes s 04 aad ot lraat oo vales s beteanis 15 asd
L4, e pracaTy coulties ot Thode i whelk eaek vilue of e Duee 'WOD
is higher than 0.3 and of least coe vadue is bebwwen 04 and 003, mid-low
Eeemty countios iw Théas in which each vales of e Vhroe WSO i ki gher
tawe D 0% wmd 51 Measl o vADuE 4 bebween O3 and 0.0% Tke FHA
preonzabion raSonae i That countes can T ranked comaetently with all
Uar fhsve weigh! it Sasrprioes fie. equil weighted, domand i=dieatan
weighted moee, Rupply 18d BOEELED AR weiphied mdore, B
Takle &) For cawmmple, oousied witk ke badeece [Bp and lind cover

change [Lob vales et Mgh demand mdicators valus (e T 0 SAT, 3
and [}, will not b ranked an 1op woting ai The WA, in which B and Lo
W piven Nighey wenighin, will be bow, IF B0 welghts were asugmsd 1md &
mnplk vamumibon was Some, fagh viler demand ardicators coeld bad the
rvef AT COuATy Mo

outputs (WEDS This sclection was dose by a FPI tha
mnks counbes in five groups of prionty sccondicg o four
WS thresholds (Table 5,

37 Umeeriaimiy in besie dora asrusprions

Alhouph WISDOA 13 meaml to provide relaive)
quakinbve values ratker than absolule/quantestive datn,
incorposating uncertainties in the analysss gives o betier
wea of FW hor spers spatial ranges. The same methodo-
logcal approach described above for tdemtifying FW hos
pory wos conducied using maximum aed  deimam
asdumpions, Uncertaimiics in basse dae were insorporaled
imto tke amalysis for: (1} lind cover productvity, (2}
aceessiblity, (Y) mumber of mixed users, and (4} per capiia
consumpton. Table 1 shows underiaices for cach land
cover clis FW prodoectvity estimate, based on reportsd
mangss. Accosibibly sseumpibons s in the prionization
analyss were copsdered magimum (almos T0% of waal
zrritory) (see Section 5.3,1.3). For the mirimum sccessible
nres, thoss ssdumptions were w2 o 5 km radios around
bocakties and 0.5km &t each side of poads. Mimimum
accosible arcas cover alnost 45% of Mexcan wdal
tzrritory, Based on Deaz [25], maximum mixed users
sstimation was done using a coelfideni of 0.5, insend of
0.2% (see Eq. (30 Micimum FW wsers were so as only
thods wiers reported by INEGI (522 Eg, (3} Uncentainty in
per capiia FW consumption was set 1o 23 according 1o a
mevicw of reported valuss in the Ltemiure for Mexico
[Z830 32,54 56

Two new calsporestions, based on the FPL were
developed: a permastive ome wsing: (1) maximam FYW
productivities, (Y maximum accsssible areas, (3} only

exchudve wsers reported by INEGI (2. mined users were
not considered), and (4} mimmum per capila comsumplion;
and a resdmctive one vEng (1) minmoaom FW productiv-
iEE, (2] mimimum accessible areas, (3} maximum mived
users estimaton based on Diar [25] and (4} maximuem per
Capils consumpion,

I8 Ner Otk emilrrions esdimadion meihads

Mon rencwable use of FW jre. when the amount
extmacted and burmed exceeds the growih mte of the Eving
himass sourcss) contribnass to net OO emissions. O the
contrary, when harvested and vsed sustainably, woodfuels
wre OOy weutral [21]. It shoold be noted that, des to the
oot slficiencies of adiforal hiomass boming devices
{cg. three stone firss), FW burming (even rencwably
harvested) contributes with substamtial GHG emissions
ihrough prodicis of incomplets combastion (PIC) as CHL,
WA, OO, and WMHC [73]. Quantifymg the emssons of
these ron-C0y gases amocated to FW buming s diffcult
becanse few Ezld stodies are comently avalable that
estimate their emésston factors, Becanss of ikis problem,
im this shudy we onby cstimated nen OO encssons,

Based on our WSO grodatabase for Mexco, we
quaniified ike net OOy emisions from non-renewabls FW
use al ke natonal level uiing the following equation:

E=Ha05a147, (i

where E are get OOy emésions per couety for B0 and
E = for Bz b} is the carbon dessity of dry wood apd
167 the o bevween the molecular weight of carbon
dipaids (OO} and carbon (O

4, Riesults
4.1 Averages paluer for Mewico

As shown in Table 6, scosdthle FW supply for Mexico
was estimated im 152 Ty~ with o mean value per county
of Tokey~!. On average, FW supply to Mexics s mone
than enough to saisfy FW demand (19 or 17 Tgy™"
comsidering only FW wsen within accessble arcas) In
lerms of a natonal average balance, this surplus corre.
sponds to 165 Tgy~'. Fuelwood supply partially depends
on coonbes scccssible ares. Maximum vahloss of F'W
prodiction per cousty (23 Tey™") comespond to iwe
Quintana oo State countics in Southern Mexico, with
accessible areas of about ore million ki each. The
mavimnm vahse of FW consumption (150kiy™'} corre-
sponds 1o a courty of Esade de Mexico Swuate, locmied
within an identifed FW kor spor (see below). Armual FW
losses becanss of bind cover chanpe within acceschls arcas
were estimated in L8 Ty y~', and represent 1%% of towm] FW
supply per year and 10% of annoal FW consumpbon
coming lrom accessible arcas (17 Tey "), Fuelwood users”
growth annual rate (1990 2000} in Mexico s skghtly
megative, In tke 10 year period betwssn rational censuses,
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Tabe &

Dhescruptive inmie of idatesn hgreganed ui the mutonl leel

[ndicator Total Mein by county)  Tandudemor Mumimen vale Masoes vals
FW asply (5L Ty ! 122457 birrd =i 0,000 1355

Land cover change (1993 2000} (Le), Ty ! pE0z 0.0 QU000 0034 (e b

FW ki [T in mambser of wieds 20,753, 55 ESTH 243 1] L8253

FW wsery’ denity (D) = asers by a1 =] 1. 547

Saturabion (SAT) & peroentagee 45% % [ (feilhy

FW aerd azaual growth (1950 20005 (L) in peroeatsjes 15% 0I% 15.2% LLE%

People tedonging 1o an ethak groep () in prmentages 5% 1% o Gl
FW conrumptica (Ovom Tgy ' 15178 O.0GE a0 1] 0B

FW balurce (Bia Tgy ¥ LESRE LLdE e iE QLR LUES

Noeew: Watsenal PO conpumpiies wis eemaied i 17480 Tgy © when conmdermg caly those PO usrs living i aocesibde aress (ue. Jocultis with 20 of
wore houaes that us fusheood).

exdsive FW wsers decressed from Z8% o 22% of Mexico
tedal population. Thess valuss ane congrucni with phohal
trends in FW consumption |74]. Although the perasmlage
of total fushwood veers in Mexico s decreasing, iis absolats
walue, as well as FW consamption, kas changed very Ll
{irom 22.5 o 21.8 milbion users and 19.8 10 193 Tgy ' in
2 and 1990, respectively), partcularly because of the
ipcrease of mixed users, Table & shows Mexican natonal
todals, mean values, and range of indscators.

Following De Montalembert and Clement [7], per capiia
FW supply in Latn America ranped botween 01 and
13m’ cap™ v i the 19805, Using & mean wood densily
of (6, we estimatbed ikat per capita FW supply in Mexico
for vear 2000 was approximately ldm'cap=tv! or
Fikgeap~' day™!. This differerce 5 nol sorprsing since
one of ibs main criidsms of the gap approach was that it
under-estimated FW supplies (e.g. not consdenng Lrees (o
snthropic landscapes).

Using a differemt approach, our estimate of FW
consumption (321 P}, & very smalar v the one reported
by Daz [28] (330 P1), while is considerably kigher than the
Mexican Encrgy Agency [75] estimation (322 PIb for the
year JODi.

4.2 Priorizarion anelyris

Indicators’ real vabues (prior o standardimiion) were
spatialized icte thematic maps b dbostrate the diverss
aspects of FYW use pattermns in Mexico, Table 7 summarizes,
for cach indicator, the distibubon of counlics inte five
categories which were set aocording to threskolds values
Fig. 2 shows tke spaiial disiribution of high prioniy
countics | HPC) for niee indicators, [t s imleresting 1o note
the uneven spatial distribubon of thee HPC regarding
different indicaions, For cxample, different spanial distribn-
bons exd berween HIFC megarding FW Josies due to land
cover change and FW users (Fig. 2B v, C) This resule is
congricat with most of the Breratar (revicwed in Areeld
et al. |8.9]}, sugpesting that FW depletion s Iimked to land
cover changes not pscessany rslafed bo the extraction of

wood for fuel Fig. 3 shows the FW balance between FW
spply and demand in Mecoo for the vear 2000, in which
all five calegories are shown.

Conductrg a BTSM analysis for Mexioo allowsd the
catcgorization, in five growups of priosity, of 2394 countics,
Following a prnonly ranking approach {ie. FPI) based on
seven indicators, the WISDOA analss for Mexico
allowed the identficaton of 3 HPC, wkich represcnt
13% of the wial pumber of countiss analyzed (2395}, and
A% of the Mexican termitory, Fig. 4 shows ths number of
countics e cach FPI category.

Tabl=s & ard 9 show the average and standard eeror
vahoss of indicators and sekectsd wvariablss of interest
according 1o the five groups of counties defined by the
FPI ramking. For most indicators, mean values for HPC
diffzr comsiderably from national averagss shown i
Table & This respords w0 the WESDOM's pricsization
procedure, m which the FPI 15 construcksd sel=cting those
countics where imdicators real vahess are mwode critical i
terms of Foddweod wse and resounce avadabokly, For
exnmple, average F'W suppies for Mexico were estimted
in TEGgy™! por county, bul when considering only those
04 HPC, s vales decreasss to 37Gpy~! per county.
HIFC represent X7% of bodal FW consumption (5 Tg oot of
a countey bodal of 19Tl and 27% of FW nsen (6 million
users oul of & country lotal of 22 mibon) FW user’s
average annoal growth reganding HIPC s 1.5%, in conirast
with the negative ratiopal average of =1.5%. HPC are
characizrized by a kigh rabio of momlfurban popula-
ton (24) and & very low welfare index (2 in & scale from
I i Ty These results comobornle that FW in Mexico
s maosily used by tke sural poor (noe that thess two
varables where nol included i the prioncation anabysis).
As geen by standard error values, significant differences
exisl bepween indicators’ mean valuss, regarding differsmn
FPI groups.

The five meat critical states acconding b iks percentage
of their arca coversd by HPC are Yocatan (33% of is afca;
AT HIFCE, Guoerrene (18%% of it arca; 16 HPFCE Pocbly
(170 of its area; 47 HPCY Chispas (16% of its ares;
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Taseakokdi valuss for the coasiFurion of 1hemas: S
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ke eibelds LT thrailoidi CCUALEL ikl CoURDER
FW sapmly (55 (Ggy B Lasad covwrr ebange (NS0 000 (L) PO weeri (T s mumber of usen
(Ggy )
High priosty <3 339 < L0} 2z = 1,000 285
Ifaid hagh 50 [L5] [ 250 05 % 10,000 19,000 (L]
Rty
hd prionty 30 30 BT [ 0L o 155 10,000 5000 a%7
[ ER Fl [ T { oo 1 000150 an
Ay
Low prionity = 100 &2 =0 ke « 2400 |l
41 2423 2424
W usen’ deniity (D% im wsem ha © Sancraten [SAT) i pesvenliges P useni” ot (1950 1000} ) s
peErEEine
High priomty =074 i el 551 =14 5
s d-kagh 075 D28 e 80 T 5 1% 0% 7
IRy
b pnongy .25 Q00 bt ] %0 L 0.4 o 15%
LR 000 D.o% 148 L 1] Hy h1e 2% 7.1
PRy
Low prionty <008 457 ] L] < 1% 54
ol 24 2
Prople belonpng % an ethaic grosp My ie PW consemption (03 (Ggy b P balance (B (g y '
priuchiligTh
High prcary S0 70 2% =30 41 =0 156
Mfaid hagh w80 148 o [1] ka2 o m 21
ey
hSd prionty 50 10 k50 (L] &40 10 2% 453
Bl Jvw 120 7k ] 51 a7 5 50 ]
RN
Léw prignty 1 O 1877 s 450 =4 i
2d2d o o k]

Mo Prslwood wupply (5 1ad demaad () mdionton wers 501 wed @ e comruction of the FPL s separsie idionton bt i FW baluee (85 beeg ©

adiusted fog viers lveng B Sccesable arvas, Totid coupbes forr 1 (V88 duller from the rot of indmatom (2424) 1

adras

o rasit

bebwpen 1550 amd 2000, Total counties lor &, Le, Drard RG0S S8 Ter from the rest of imdcadoms. (24240} hecause off an error in spatial data of ome county

i the itile of Viatsn,

15 HPCY, and Verscnuz (16%, of s ares; 55 HPC), The
mumbsr of HPC in Oaxaca nses 1o T2, but they sepresem
only #% of the s1ale total area. On the contrary, only two
HIFC i Campeche account for % of this stale total area
(Tahle 10}

An interesiing resuli of the FPI ranking is ihe aggregaiad
spatial pattern of most HPC within larger chosters. Based
on these countisd number and disinbuton (considering
both, permissive and restriciive penpectives), 16 cdusiers
were preliminary idenisfied {Fig. 5) Many of these dusters
coincide with sthmic groups distributions, although this
imdicator kas a mémor weight in the anabysis. This resuli is
ocomgreenl with the Fact that m Mexsoo, the raral poor
populstion sector & ofien represenisd by people belonging
by cibmic proups.

As menbioned in Secton 3.7, two sddibional mnkings of
Mexicar counbiss were condected, following botk a

permissive amd resiricBve perspectives. Fig. & show the
naitonal averages siandardized scores apd real valos of
four mdicators subject 1o uncenambes in basic asamp.
Lsons, as comparcd with the varation m HPC following the
three FPI mankings (e, permissve assumpbons, mean
assumptions and restrictive asumptions). The varaton
between HIC based om the FFI O (43% - 174 = 265)
represent L1% of toln] connties mnked (2395). This result
shows that the BISPOM proseaton methodology is
robusl emowgh for idechBang relabively cincumscnbed
areis, $ince miximom aed minmum basic assumptions
wire sel based o extreme values cited im the Literature, For
cxample, an uncertamly of almost 10056 was sf o PW
prodechvity sssigned to agricdiure areas (which cover
41% of maxmum scossible arcash, fanpng from a
mirimam vahor of 004 Mgha ™ v o & maximem valus
of 147Mgha™ ", It is expectzd that very few real
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Meter [A) Futlwond supply (5) = 338 HFC, (B) lasd cover chasge (LT m 232 HIC, (C) Fetlwood wies (T) = 188 HIC, (D} feslwood wiess denuly
L= 310 HPC, (1) Saterwtion (5 = 31 HPC (F laebeood user’ groesth sapusl e (1) = 530 HPC; people balonging b0 an othnis groep G5 = 36
HIFC, (G Patwood conrampation (O = 28] HINC Sadwocd balusoe (8 188 HPMC. Falsood bulaece = upetyconsameson Gee Eq. (96 deaton
AL (G, (D) and {Th dore ddiwn v Al ble coente aivad anly. Indwatons (T (), (F), (0} &ad (H} are dhown over 0% cotmBes divis

simatons could be ouisde this moge, as the neeomum
ssumed value of 1L47Mgha™' i close 1o the sverige

productivity sst for mopiol decduons primary forssis
{sox Tablke 1)

4.3 Ner Oy ervizxions from mon-remewinble e lwood use by
the reridemrial fector

We cstimated that approximately 0.7 Tey™" of FW,
which represent 4% of mal cossumption, are bumed o &
non-reeewable way in Meaco, rekaing 1.3 Tg of CO; to
the atmodphere (Fig. 7). 'When considering maximum per
capitn FW consumgtion and mirimuom accewble arcas,
this wvalue fisss to 33T O v (9% of FW consump-
bon}. Chor estimates represent from 035 io 0.6% of total
Oy enissions for Mexico in 2002 (#93 TpO =" [T6)
apd from 1.3% o 3.2% of OOy anssons reported from
land use, land uwse changs and Torestry (LULUCE)
acEvites {100 TpO0 v~ [TE.

Preliminary o ficld estimates of greenbouse gas emis.
sions 1m the Purhepechn regon of Michoscan Seate
{Joknson e al, 2007 comm pers.), would suggest that
meluidmg addinonal Kyobe gases methane amd mibrous
oxids would renut in spproxionately 8-fold increass e

oinission estimales relanve e net- Oy, based on mean won-
renewakbility estimates froon WISDOAS, Induoson of other
gresnbouse speciss oarbon monoxids apd nor-methane
hydrocarbors would result i a factor 123 incroase in
emissions based on mean renswabiity estmates. Esb-
maiing mon-rencwakbility of resklential fis] wood i of
critical importance, therefore, in ascsment of cmoosions
from this secior, since the differences in emissions esb-
maiss between non-renewable and remewable are of such
magrinde that they frequently owrseiph differences in
save type [TT].

£, Dhscussion

Before conducting the present snalyss, Mexcan dats
aboui FW copsumpiion and supply was scatiered through
the lorcitry, eocigy and copsus apemses. Following the
ISP methododogy allowsd to consstently integrale
this information into & fexible and wpdatable G1S platlorm
iz, gro-dntabase), and po show resubs in & spaially.
explicit way.

It has been recopmzed that FW supply and demand
asdesmments must deal with spabally heerogmeous pal-
t=rms {ie. sitespecBaty} to avoid méstaken conchisions
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Table 10
Stures ranied sccording bo the pesveniige of fhelr anen covered by Kigh
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Siakes Sinie's area covered by high Mueer of counties

ety countien (ha and

IR Lk
Ryl 1,500,302 A% |
Gusrmeo LT 1% 13
Pushls LR ETES 47
LB TR 1,153,200 ]3] 1%
Weshera 1104144 I6% 5
Hidalgo el v |1 [ ]
Extadio do Memico 282,752 1% E
[CTEY Tas 748 i n
Tubhbdo WNH1Th % &
San Las Poloa  3IEINZ % [+
Chern peclie R84 278 5 |
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based on aggregated averages [3,22,59,60,64). For example,
we cstimated ibat the natomal FW balance in Mecco
for the year 2000 was very postbve (165 Tgy—'), however,
186 counties mostly distriboted within the Cemtral-
Bast region of Mexico, have mopative balamess (13 of
them with a defst of more than 10Ggy™') (Fig. 3 and
Tablz T).

As seer from Fig, 4, spatially beterogemeous palisrns
not only are a charsctenstc of ecach indicators dis-
tribution, but o tke FPl categorization ns well, Tdenti-
fying FW Bor gperr from a national permpectve allows
focusing on tangel anas that deserve lerther allenbon.
Similar spproaches are been developed by BISINIAS
case shodies in sekoisd Europman, Asan and African
countrics |23 26, and by other relevant woodiuek spatial
anilyses as the ones developed by Top et Al in Cambodia
[61,64].

Further apalyiss should be conducted over identifod
FW hor spoes, based on more accumate and region-oriented
basc daia assumpiions, Muli-scale analyees are a promis-
ing option for developing BISHOM beyond nakonal-wide
analysss, Scarce Enancial and human resources for the
desigm and nplementation of approprate policies and
measures W promole a sustaieable use of woodleh should
be mostly divected over FW mar spors, identified from
multi-scale approaches.

The applicability of HTSIMIA & Boi restricted 1o the
present analysas, as it allows moking counbes asconding 1o
any st of predeficed crteria concerming esmvirormental,
social of sconomss issuss, For example, i1 can be used o
develop fulure séenanes of the FW sctuabon oo the country
[24). to belp idertfy population at rsk from mdoor air
pollation by FW burming withic housskolds, of 1o sstablish
target arcas [or forest management or neslorabion efforts
orsmted o FW preduction,
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fo, Conclusions and Mulure reseanch dinections

The analysii conucted i Mexwo conllmsed that the
F¥W siimntson 5 very heteropenenns within the conmiry;
therefose brosd gemernlirations aboot the impocts of FWY
e are wropg The WISOOL analysis Tor Mexioo
culablishod a comprebensive, flesible and oplalable GlS
plniform that allowed moking counties, seconding o n st
of seven indicators corceming environmeninl, segial and
CONDIOMES R,

More scourate. spalial apnlyses over pricrily arems
plemtifbed ai tbe nabonal scale are posded in onder fo
articulnte the naional'regional belerogeneity of FW
sipply/denmapd  patiems, with local sitoations.  These
resailis will help in designing woodlucl planning siratcghes,
az caloriemted propects jep  woodstoves, re-growth
management, multi-purpose planintions, ete) can be
sonnally esinbliched according 10 each specific situstion,
Al present, o detailed spatind analysis 3 boen condiscied
cver foair kar spods ilentified in the BFTXECRAR analysis For
Sdexica a1 ihe national seale

Based oo ouwr WISDOM resulls for Mexico, we
can now pel o more procise apd spatial-explicit cstimaie
of the nei O0; omimions [rom  pon-rescwable  FW
use al the comniry kevel, which ® a key slep in e
mating the pctunl impacts of this foel on total conntry
emzsons. Opee embzion factors from nop-C0; pases
asaocmied 1o PW boming ane avaalable for Aexisa,
esdinuntes of the overall impact on GHG emissions m
the natiomal level conld be abiniped. In sddition, identify-
ing those plaocs where foclwood B  harvested  re-
newnhly and not renewably will help deriving regional
basclines on clean development mechansms (CDM)

Further HFISDOM analyses for Mexico shonkd inclnde
both FW demand coming from small industries anl
charcoal demand coming froms  perd-uiban  centers
Although there nre o natéonal statistics aboni these
seciors, as they belong io the informal economy, nssump-
10s 00 commmphon anounts and extraction pallerns
could posibly be derved from case sodies developed n
the conmiry
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accounts for 5% of countiss spabaed. A, Land cover
chamge postive vahoss were all scored ns 0. F. Break point
was 21 for positive valuss, as balance negative real vales
were all scored as 1 {186 counties, accounting for 8% of
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[11.2 Mapas tematicos sobre oferta y demanda de lefia por el sector residencial

Los mapas tematicos muestran como se distribuyen espacialmente diferentes variables
asociadas a la oferta y demanda de lefia para uso residencial en México. Como se mostré en la
seccion 11.3, algunas de éstas variables fueron incorporadas en el analisis multi-criterio del
modelo WISDOM a fin de definir las areas criticas o fuelwood hot spots en términos de uso de
lefia y disponibilidad de recursos. Al final de la presente seccidn se incluyen los mapas
correspondientes a éstas areas criticas (figuras 4 y 5 de la seccién anterior). Notar que el
numero de municipios criticos aumento de 304 a 322; esto se debid a ajustes en los supuestos
de base a partir de publicaciones posteriores a la seccion Ill.1 de la presente Tesis
(e.g.Berrueta et al., 2007).

[11.3 Caracteristicas de las areas criticas en funcion de indicadores clave

Las tablas 111.1 y 1.2 muestran los valores promedio por municipio para un grupo de indicadores
clave para las areas criticas identificadas.
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Figura Ill.1. Incremento anual de madera disponible para energia por municipio.
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Figura Ill.2. Incremento anual de madera disponible para energia proveniente de bosques naturales por municipio.
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Figura I11.3. Incremento anual de madera disponible para energia por hectarea por municipio.
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Figura lll.4. Incremento anual de madera disponible para energia proveniente de bosques naturales por hectarea por municipio.
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Figura ll.5. Incremento diario de madera disponible para energia por usuario de lefia por municipio.
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Figura lll.6. Consumo diario de lefia per capita por municipio para usuarios exclusivos.
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Figura lll.7. Consumo diario de lefia per capita por municipio para usuarios mixtos.

3,500,000

3,000,000

500,000 1,000,000 1,500,000 2,000,000 2,500,000 3,000,000 3,500,000
EEUU N
II' w A
, }’_,_,- ‘-“‘L,—'
e
5
=
A

2,500,000

2,000,000

1,500,000

olfo de México

Océajpo Pacifico

Kgs de lefia en materia seca
Il 17-18
o 15-16 et
GUATEMALA
13-14
1112
N 09-1.0
L EL SALVADOI
- ! — =
Consumo diario de leiia per capita para usuarios mixtos por municipio en México - 2000
Valores estimados a partir de una recopilacion bibliografica extensiva ver Anexo IV
y ajustado por zonas macro-ecolégicas y temperaturas minimas promedio anuales.
i il

0

125

250 500 750 1,000

Km

Fuente: Ghilardi, 2007. Albers
Creado en ArcGIS 9.2 utilizando ArcMap.

Elaboré: Ghilardi A. Diciembre, 2007.

1:12,500,000

Equal Area Conic Projection

North American Datum 1927

Ver detalles en el Anexo Il




Figura 111.8. Numero de usuarios de lefia (exclusivos y mixtos) por municipio.
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Figura 111.9. Densidad de usuarios de lefa (exclusivos y mixtos) por municipio.
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Figura 111.10. Consumo anual de lefia por el sector residencial por municipio.
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Figura 111.11. Porcentage de hogares que utilizan lefia (saturacion).
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Figura Ill.12.

Balance entre la disponibilidad de madera para energia y el consuno de lefia por el sector residencial.
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Figura I11.13. Areas criticas en términos de uso de lefia por el sector residencial y recursos disponibles.
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Figura I11.14. Areas criticas en términos de uso de lefia por el sector residencial y recursos disponibles (detalle).
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Figura I11.15. Areas criticas en términos de uso de lefia por el sector residencial y recursos disponibles - supuestos restrictivos.
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Figura 111.16. Areas criticas en términos de uso de lefia por el sector residencial y recursos disponibles - supuestos permisivos.
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Figura I11.17. Area critica N°15: regiones Otomi y Mazahua en los Estados de México y Michoacan.
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Figura I11.18. Area critica N°16: regiéon Purhépecha en el Estado de Michoacan.
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Figura 111.19. Area critica N°5: Los Tuxlas en el Estado de Veracruz.

2,700,000 2,800,000

Golfo de México

indice de Prioridad por uso de Lefia (IPL)

Il Alto
|

. Medio gz =
. I Localidades principales ’—:’.

-
| I Bajo —— Carreteras principales [§ ({18 _;:'h
I Sin Datos = | imites estatales y*‘ﬁw &¥
S 2 il IR e

Areas prioritarias por uso residencial de lefia en México - 2000

Areas accesibles de 70km de radio alrededor de localidades y 3km al costado de caminos

Productividad media de madera para energia por hectarea por afio. P A

* i s
Fuente: Ghilardi 2007; IFN 2000; INEGI 2000; INEGI 1995. 9 25 2 SOKm Albers Equal Area Conic Projection
Creado en ArcGIS 9.2 utilizando ArcMap. North American Datum 1927

Elabor: Ghilardi A. Diciembre, 2007. 1:750,000 Ver detalles en el Anexo lll




Figura 111.20. Area critica N°8: Altos de Chiapas.
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Figura 111.21. Area critica N°12: montafia de Guerrero.
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Figura 111.22. Area critica N°4: frontera entre los estados de Veracruz, Puebla y Oaxaca.
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Figura I11.23. Area critica N°7: centro-oeste del Estado de Yucatan.
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Figura 111.24. Areas criticas N°1 y N°2: huasteca Potosina-Veracruza y sierra norte de Puebla.
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Figura I11.25. Areas critica N°3 y N°13: municipios al este y sur de las ciudades Puebla y Xalapa respectivamente.
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Figura 111.26. Area critica N°10: regién Mixe en el Estado de Oaxaca.
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Figura 111.27. Area critica N°18: Sierra Tarahumara.
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Tabla Ill.1. Promedios y desviaciones estandar de indicadores clave por municipio para las areas criticas identificadas.

Cluster High Priority Land cover Fuelwood Fuelwood Saturation Fuelwood People Fuelwood
identification counties change users (T) in users' density (Sa7) in users' growth belonging to an  balance (B) in't
number within cluster ~ (1993-2000) number of (D) inusersha  percentages (1990-2000) ethnic group yr!
(Lo) in tyr’! users ! (V) (annual D in
rate) percentages
1 33 (21 -39) -884 176 28,941 3,512 097 008 8% 2%  0.007 0.001 53% 4% 18,170 4,634
2 50 (38 -59) -66 29 18,074 2,135 143  0.09 80% 2%  0.008 0.001 49% 4% 2,562 1,528
3 14 (9-15) 194 142 16,222 1,892 123 013 82% 3% 0.017 0.002 2% 1% 6,212 2,664
4 49 (36 - 58) -60 28 12,073 1,537 120 010 89% 2% 0.013 0.001 70% 3% 13,118 2,906
5 6(2-9) -116 89 29,184 8914 1.11 042 68% 7% 0.016 0.004 33% 10% 29,007 7,773
6 4(1-10) 4 86 57,247 8687 056 012 43% 4%  0.025 0.003 3% 2% 78,722 32,223
7 25(13-46) -3,115 552 10,810 1,443 032 0.04 78% 2%  0.022 0.001 63% 3% 79,314 17,777
8 28 (12-44) -1,816 834 27,544 3310 072 007 83% 2% 0.012 0.003 48% 4% 99,424 34,120
9 6(1-10) -1,172 411 27,320 3,663 090 0.16 79% 5% 0.003 0.002 2% 1% 40,037 14,762
10 11(7-19) -175 54 5440 1,183 065 013 94% 2% 0.004 0.003 84% 1% 28,034 9,831
11 21 (16 - 26) -223 75 71310 1,410 146 046 91% 2%  0.013 0.003 71% 4% 16,371 4,927
12 42 (21 - 62) -639 99 19,151 2,785 050 0.03 89% 2%  0.012 0.002 59% 4% 48,635 6,433
13 2(0-2) -225 184 25,178 4,361 0.83 017 50% 7% 0.011 0.005 13% 12% 4,445 8153
14 2(0-8) -4,367 743 46,825 11,958 026 0.06 61% 9%  0.018 0.002 1% 0% 254,558 38347
15 10(5-11) -46 147 50,200 12,096 123  0.13 66% 6% 0015 0.003 11% 3%  -9,027 11,765
16 1(0-2) -120 118 21,427 465 0.63 002 66% 11% 0.006 0.000 43% 6% 22345 3,346




Tabla Ill.2. Promedios y desviaciones estandar de indicadores clave por municipio para las areas criticas identificadas.

Cluster High Priority INEGI welfare Fuelwood Fuelwood supply Net CO, Total population Ratio between
identification counties within index consumption in t intyr! emissions in tCO, rural/urban
number cluster ylr'1 yr'1 population

1 33 (21-39) 1.85 0.10 30,054 3,733 48224 6,595 4,553 2,403 29,485 4,291 4.694 0.566

2 50 (38 -59) 1.81 0.14 16,128 2,062 18,690 3,244 3,319 785 23,098 3,801 2.665 0.405

3 14 (9-15) 1.53 0.13 15,169 1,575 21,381 2,625 1,697 1,142 16,406 2,301 2.634 0.282

4 49 (36 - 58) 1.47 0.12 10,731 1,474 23,849 3,950 582 185 13,194 2,599  2.205 0.261

5 6(2-9) 2.56 0.44 27,095 9,074 56,102 13,662 1,901 1,261 40,688 14,559  0.781 0.182

6 4(1-10) 4.40 0.48 47,304 7,471 126,025 36,856 2,830 2,172 111,462 17,886 1.657 0.254

7 25 (13 - 46) 3.04 0.19 10,029 71,390 89,343 18,947 30 30 13,060 2,087  0.436 0.102

8 28 (12 - 44) 1.55 0.16 23,385 3,187 122,809 36,647 460 266 30,288 4,188  3.265 0.600

9 6(1-10) 2.20 0.25 22,539 3,112 62,576 16,250 392 392 30,461 5315 2960 0.822

10 11(7-19) 1.42 0.12 4,524 1,114 32,558 10,869 24 21 4,641 1,012 1.790 0.256

11 21 (16 - 26) 2.08 0.09 6,535 1,351 22906 6,179 681 303 6,938 1,598  0.525 0.159

12 42 (21 - 62) 2.00 0.16 15,274 2,172 63,909 7,806 0 0 28,396 11,611  2.058 0.229

13 2(0-2) 3.00 0.00 19,082 1,839 23,527 9,992 3,400 3,400 40,472 1,823 0.500 0.180

14 2(0-8) 2.75 0.67 36,576 9,371 291,134 34,352 0 0 130,299 84,804  2.231 0.782

15 10(5-11) 2.55 0.28 52,531 13,707 43,504 7,456 34,076 15774 69,975 15826 4.630 1.965

16 1(0-2) 2.50 0.50 20,880 2,377 43225 970 0 0 26,966 3,745  0.500 0.190
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IV. ANALISIS MULTI-ESCALAR DE LOS PATRONES ESPACIALES DE OFERTA 'Y
DEMANDA DE LENA PARA USO RESIDENCIAL EN MEXICO

IV.1 Multi-scale analysis of residential fuelwood supply and demand spatial patterns in Mexico

A continuacion se adjunta el articulo sometido a la revista Journal of Environmental
Management, actualmente bajo revisién por los editores de la revista.'

'® Para obtener una copia en formato PDF del articulo favor de contactarse con aghilardi@oikos.unam.mx.
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Multi-scale analysis of residential fuelwood supply and demand spatial patterns in Mexico
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Abstract

When fuelwood is harvested at a rate exceeding natural growth and inefficient conversion
technologies are used, negative environmental and socio-economic impacts, such as fuelwood
shortages, natural forests degradation and net GHG emissions arise. So far, no methodologies
have been developed for assessing these impacts while dealing with the site specificity of
fuelwood use patterns and the scale dependency in supply and demand relationships. National or
aggregated results may hide or even mislead the spatial distribution of critical situations, while
local case studies do not show the overall picture. In this study, we argue that analyzing fuelwood
supply/demand spatial patterns require multi-scale approaches to effectively bridge the gap
between national results with local situations. The proposed methodology is expected to help 1)
focusing resources and/or actions on local critical situations, starting from a national wide
perspective and 2) estimating, at any one scale, the proportion of non-renewable harvested
fuelwood, a key value for GHG emissions inventories (national scale) and for deriving Clean
Development Mechanism (CDM) baselines for non-renewable fuelwood consumption in business
as usual (BAU) scenarios (regional and local scales). Starting from a previous work, we selected
a county-based fuelwood hot spot in the Central Highlands of Mexico, identified from a national
wide assessment, and developed a grid-based model in order to identify single localities that face
concomitant conditions of high fuelwood consumption and insufficient fuelwood resources.
Twenty localities, out of a total of 90, were identified as high priority or critical in terms of six
key indicators: number and density of fuelwood users; percentage of households using fuelwood;
land cover change trends; balance between supply and demand; and percentage of ethnic

population as a proxy variable of the resilience of consumption. We finally assessed the scale
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dependency of the analysis by comparing key indicators from the national assessment and this

more detailed study.

Keywords: Residential fuelwood use; Non-renewable biomass; Spatial analysis and modeling,
Geographic information systems, Wood energy planning; WISDOM methodology;, GHG

emissions, Clean Development Mechanism (CDM), Mexico.

1. Introduction

About 2.5 billion people in developing countries relies on traditional and low tech uses of
biomass'® to meet their residential energy needs, predominantly cooking (IEA, 2006). On current
trends, this number will increase to 2.7 billion by 2030 (IEA, 2006). Global fuelwood
consumption in 2000 reached 2.3 billion m’; accounting for roughly 60% of all the wood
harvested that year. For the group of developing countries this proportion rises to 80% (Trossero,

2002). Thus, energy is the main application of woody biomass worldwide.

When resources are harvested in a renewable way and efficient conversion technologies are used,
woody biomass represents a major option among renewable energy sources (Kirschbaum, 2003;
Righelato and Spracklen, 2007; Stupak et al., 2007; Tilman et al., 2006); including the residential
sector of developing countries (Ghilardi et al., 2007; Masera et al., 2006). On the contrary, clear
negative environmental and socio-economic impacts arise from the non-sustainable use of
fuelwood for residential purposes:
e Fuelwood shortages: depletion of fuelwood resources around localities and peri-urban areas
directly affects the poor: a) extending even more the time consuming task of fuel collection,
b) increasing fuelwood prices and c) under extreme conditions, putting into risk a basic
human need, such as food (Arnold et al., 2006; IEA, 2006).
e Natural forest degradation: although fuelwood extraction for residential purposes is not a
major cause of deforestation, tree removal is likely to occur in localized areas, as for

example in large and growing peri-urban areas (Arnold et al., 2003). Moreover, wood

1 Woodfuels (i.e. fuelwood and charcoal) are the dominant forms of traditional biomass energy, although given the
current state of global data it’s still difficult to accurately distinguish wood from other forms of biomass, such as
agricultural waste and animal dung; even more on those countries were agricultural residues are an important fuel
(e.g. China).
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removal for fuel only at a low but constant rate may have negative impacts on the structure
of natural forests (Riidger, 2006).

e Net GHG emissions: interest on potential fuelwood deficits has grown recently due to their
contribution to global GHG emissions. The non-renewable harvest and burning of biomass
by the residential sector may account for about 4% of global CO2 emissions (Bailis et al.,

2003; Bond et al., 2004).

Non-sustainable fuelwood situations are however geographically patchy, and their distribution
depends on very site-specific variables, such as wood supplies, land cover change trends,
accessibility restrictions, fuelwood consumption patterns, cultural basis, among others. In other
words, deficit situations that severely affect woodfuel users and/or negatively impact natural
forests vary from place to place (Arnold et al., 2006; Mahapatra and Mitchell, 1999; Top et al.,
2004). Then, how can localized situations where fuelwood is extracted and used on a non-

sustainable way be identified starting from a national wide perspective?

As a first methodological response to this problem, Masera, Drigo and Trossero developed the
WISDOM'” approach in 2003, a collaborative effort between the National Autonomous
University of Mexico (UNAM) and the Food and Agriculture Organization of the United Nations
(FAO) (Masera et al., 2003; Masera et al., 2006). WISDOM is a spatial-explicit planning tool for
highlighting and determining woodfuel priority areas or woodfuel hot spots at national scales. To
identify these critical areas or hotspots, basic spatial units (BSU) of analysis (often corresponding
to second administrative units -e.g. counties-) are ranked into priority categories, by analyzing
relevant interactions over a set of socio-economic and environmental criteria and indicators,

directly or indirectly related to woodfuels supply and demand patterns.

So far, WISDOM has been conducted in several countries and regions: Mexico (Ghilardi et al.,
2007); East Africa (Drigo, 2007a); South-east Asia (Drigo, 2007b); Brazil (Ghilardi, 2007);
Senegal (Drigo, 2004a); and Slovenia (Drigo, 2004b). All these assessments succeeded in
identifying fuelwood hot spots from national or supra-national perspectives, however, the hot

spots spatial detail is still insufficient for identifying differences or priorities within selected
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BSUs, i.e. at the locality level, which are necessary for directing concrete actions. Even in hot
spots with an overall negative fuelwood demand/supply balance for example, not all localities
face fuelwood scarcity, and similarly, regions with an overall positive balance may include deficit

localities.

We argue that analyzing fuelwood supply/demand spatial patterns through multiple scales
effectively helps in bridging this gap by articulating the national WISDOM results with local
situations. The proposed methodology is expected to help 1) focusing resources and/or actions on
those local situations that face concomitant conditions of high fuelwood consumption and
insufficient fuelwood resources, starting from a national wide perspective and 2) estimating, at
any one scale, the proportion of non-renewable harvested fuelwood, a key value for GHG
emissions inventories (national scale) and for deriving Clean Development Mechanism (CDM)
baselines for non-renewable fuelwood consumption in business as usual (BAU) scenarios

(regional and local scales).

In this article, a regional-based WISDOM methodology, at a sub-county level of analysis, was
applied to the Purhepecha Region in central Mexico, a fuelwood hot spot previously identified in
the national assessment (Ghilardi et al., 2007), and chosen for being a widely studied area in
terms of fuelwood extraction and use patterns. For congruence and continuity, almost the same
objectives as in the national assessment were defined: (1) identify at a sub-county level of
analysis fuelwood hot spots in terms of residential fuelwood use and availability of fuelwood
resources for the year 2000, and (2) estimate the fraction of fuelwood extracted on a non-
renewable basis by the residential sector for the same year. Hot spots were defined as areas
where: (a) insufficient fuelwood resources could be negatively affecting a major number of
residential fuelwood users and (b) fuelwood extraction for residential use could be exerting
pressure on natural forests. The same set of indicators used in the national assessment was

selected. Finally, the results are compared with the previous WISDOM national assessment.

7 Woodfuels Integrated Supply/Demand Overview Mapping. For a complete description of the methodology and for
more details about its practical implementation, existing databases, and other relevant information please refer to
Masera et al. (2006).
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2. Fuelwood extraction and use patterns in the study area

Situated within the state of Michoacan, in central Mexico, the Purhepecha'® Region has an area
of 653 074 ha, from which 400 183 ha were natural forests in the year 2000. Forests consist
mostly of pines, oaks and pine-oak associations. Dominant land use classes are mainly

represented by rainfed agriculture and fruit crops (mostly avocados) (Fig. 1).

Fuelwood use in the Purhepecha Region is characterized by its spatial heterogeneity, and the
widespread use of low-tech devices such as three stone fires for cooking. In addition to its
residential use for cooking and space and water heating, fuelwood is also employed in small
industries as pottery, brick making, and tortilla and bread cooking. No consistent statistics exist

however for this sector as all the mentioned enterprises belong to the informal economy.

Two types of residential fuelwood users exist: those exclusively relying on fuelwood as their only
energy source for the household (exclusive users), and those that use fuelwood in combination

with Liquefied Petroleum Gas (LPG) (mixed users).

By the year 2000, total population reached 732 594 inhabitants, distributed over 149 420 houses,
787 localities (745 villages and 42 cities)'” and 19 counties (INEGI, 2000). The number of
exclusive fuelwood users was 227 701 in 2000, more than 30% of the total population.*’ Only
those 90 localities with more than 100 households that used fuelwood in the year 2000 were
selected for this study, representing 76% of total fuelwood consumption (172 729 people in 32

920 houses exclusively relying on fuelwood).

Fuelwood gatherers can be divided into three groups: a) walking women and children; b) walking
men with or without pack animals; and c¢) men using motorized vehicles, being this third group
the least represented. Women and children collect dead wood exclusively for self consumption,
while men using pack animals collect fuelwood either for self consumption or for selling in local

markets. Men harvest living trees with axes or chainsaws, cut them into pieces in situ and carried

'8 Purhepechas are the dominant ethnic group in the region, accounting for 14 % of total population.
' The Mexican Statistics Bureau (INEGI) set the threshold between rural and urban localities in 2 500 inhabitants.
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out with the help of pack animals and eventually with motorized vehicles. Up to 3 or 4 hours
(round trip) are spent by day for collecting fuelwood by any of the three types of gatherers. Most
fuelwood comes from forest areas and abandoned farming plots under re-growth. Oaks are the

preferred species for fuelwood given the characteristics of their wood.

3. Methods

Conducting a WISDOM analysis involves four steps (Masera et al., 2006): 1) Selection of the
basic spatial unit (BSU) of analysis. In this step the map elements which will be ranked are
defined, determining the level of spatial aggregation, and thou, the spatial detail of the
priorization output maps. It is needed that BSUs do not overlap, as to avoid double counting. 2)
Development of the supply and demand modules. Socio-economic and environmental criteria and
indicators related to fuelwood supply and demand patterns are identified and selected. 3)
Development of the integration module. Relevant indicators from the supply and demand
modules are combined. 4) Selection of priority areas or fuelwood hot spots. At this final stage, a
multi-criteria analysis (MCA) linked to a GIS platform is use to identify priorities among the

spatial units.

3.1 Selection of the basic spatial unit (BSU) of analysis by means of accessible areas

For national or supra-national analyses, the second sub-national administrative level of territorial
division (e.g. counties or municipalities) is mostly chosen (Drigo, 2004a, 2004b, 2007a, 2007b;
Ghilardi, 2007; Ghilardi et al., 2007). For a more detailed analysis focused only on a fuelwood
hot spot previously identified, BSUs should correspond to the third sub-national administrative
level of territorial division, which in Mexico corresponds to communal, private and federal lands.
Unfortunately in Mexico, as in most developing countries, no consistent geo-referenced databases
exist at this detailed level of administrative territorial division. Thus, non-administrative BSUs

were selected instead of administrative ones.

*% The Mexican National Bureau of Statistics (INEGI) reports only exclusive fuelwood users. The mixed to exclusive
fuelwood users ratio in the Purhepecha Region was estimated in 0.25 + 0.10, using local surveys where exclusive
and mixed users are reported vs. INEGI census data for the same localities, where only exclusive users are reported.
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Non-administrative BSUs were defined by estimating accessible areas around individual
localities for two types of fuelwood gatherers: 1) walking fuelwood gatherers, including those
ones using pack animals; and 2) fuelwood gatherers using motorized vehicles. Accessible areas
around individual localities are defined as the area from which fuelwood gatherers obtain
fuelwood i.e. the woodfuel-shed, given means of transport and daily time available for collecting

and transporting fuelwood.

When considering walking fuelwood gatherers, accessible areas or woodfuel-sheds were
estimated based on a so called cost-distance map. In this map, each pixel or cell expresses the
time needed for a walking person to walk through it.*' Walking speeds were calculated as the
product of a friction variable: terrain slope; an attraction variable: distribution and extent of
preferred species, i.e. oak forest patches; barriers: lakes and rivers; and passages: bridges, tunnels
and dams (Table 1). The cost-distance map was used to calculate the cumulative cost of moving
away in each/any direction from a starting point, i.e. locality of origin. Time limits for walking
fuelwood gatherers were set between 30 and 60 minutes one-way trip depending on the ratio
between friction/attraction displacements velocities. For example, if no oak forests exist, walking
fuelwood gatherers will be predisposed to walk as far as 30 minutes away from their localities of
origin to search for fuelwood. On the contrary, if only oak forests surround the locality, walking
fuelwood gatherers will be predisposed to walk as far as 60 minutes away from their localities of
origin. In the middle of these two situations, when oak forest patches are found, fuelwood
gatherers will be predispose to walk between 30 and 60 minutes depending on each patch crossed
section longitude. Fuelwood gatherers never walk in a straight line from their localities to the
outer perimeter of the accessible area. So, using 30-60 minutes as the time limit, a walking
fuelwood gatherer may spend up to 3-4 hours (round trip) for harvesting fuelwood within the

accessible area.

Fuelwood gatherers using motorized vehicles are much less influenced by slopes. However,

vehicles can only travel through roads and paths. The roads and paths network was clipped within

2! For example, if a cell of 30x30 mts, has a value of one second per meter walked, then a walking person will spend
30 seconds to walk through this cell. If the next cell has a value of two seconds per meter walked, then a walking
person will spend 60 seconds to cross this new cell. The GIS software calculates cost from cell center to cell center;
therefore, the cost travel from one cell to the next is the sum of the cost of each multiplied by half the cell size. If the
travel is diagonal, the distance is slightly longer (1.4 times the width or height), so the cost is increased accordingly
by multiplying the cell size by 1.4.



142 Analisis multi-escalar de los patrones espaciales de oferta y demanda de lefia en México

a Skm radius buffers around each locality. Using the cost-distance map, accessible areas where
then calculated at each side of roads and paths within a time limit between 10 and 20 min,
assuming that people must get down from their vehicles and walk in order to look out for

fuelwood.
3.2 Supply module

The fuelwood supply capacity of an area is a function of: (a) fuelwood stocking and productivity
in natural formations and anthropic landscapes; (b) land cover changes, which indirectly affect
fuelwood availability; and (c) access to fuelwood supply resources (Masera et al., 2006; Top et
al., 2004; Top et al., 2006). Following the first two criteria, two poorly correlated indicators were
incorporated into the supply module: the annual fuelwood increment which can be sustainably
harvested and the annual variations in fuelwood production due to land cover changes between
years 1986 and 2000. Access to fuelwood supply resources was already included in the previous
step (see 3.1). Indicators’ values, disaggregated by localities’ accessible areas, were calculated

through the spatial integration of basic data using ESRI® ArcMap™ 9.2.

The annual fuelwood increment which can be sustainably harvested from each locality accessible

area was estimated using the following equation:

FWS, = i (A, *P) (1)

=1

where FWS, is the amount of fuelwood which can be sustainably harvested from each locality
accessible area “v”, in Mg yr'' (dry matter); A,; is each locality accessible area “v” by land cover

(13444 (13444

j”” in ha and P; is the fuelwood productivity by land cover class “j” in Mg ha™' yr! (dry matter).

The annual fuelwood production variations due to land cover changes between years 1986 and

2000 for each locality accessible area was estimated using the following equation:

210
LCVy= Y (A, *AP,)/14 )

k=1
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(14

where LCV, is the annual variation in fuelwood production per locality accessible area “v”, in
Mg yr’' (dry matter), due to land cover changes that occurred between years 1986 and 2000 in the
Purhepecha Region; A is each locality accessible area “v” by land cover transition “k” in ha
(e.g. from pine forests to temporal agriculture); and APy is the fuelwood productivity change

(positive or negative) by land cover transition “k” in Mg ha™ yr' (dry matter).

The four parameters used in equations 1 and 2 were estimated by 1) intersecting accessible areas
with a land cover map of the study area for the year 2000 (A,;); 2) intersecting accessible areas
with a land cover change map of the study area between years 1986 and 2000 (Ax); 3) reviewing
the literature in order to assign fuelwood productivities to those land cover classes present in land
cover maps from years 1986 and 2000 (P;) (Table 2); and 4) building a matrix for annual
increments and decrement in fuelwood productivities due to land cover changes that occurred

between years 1986 and 2000 in the study area (APy).

3.2.1 Land cover maps of the study area for years 1986 and 2000.

Land cover maps were obtained through a classification of two satellite images for years 1986
and 2000, from the Landsat Thematic Mapper (TM) and the Enhanced Thematic Mapper plus
(ETM+) series respectively. Both images were captured during the dry season (February- April).
The interpretation was conducted by a maximum likelihood supervised classification, using the
IDRISI32 software. Spectral signatures were created using training site data for 14 vegetation
types. Eighty-eight (88) ground georeferenced control points were used for ten land cover classes.

A land cover change map (1986-2000) was also obtained.

The classification system was based on the Mexican National Forest Inventory 2000 (Palacio-
Prieto et al., 2000). Land cover classes were grouped into: 1) rainfed agriculture (seasonally
cultivated), 2) irrigated agriculture; 3) secondary forests (degraded pine, pine-oak, and oak
forests); 4) fir forests; 5) grasslands; 6) oak forests; 7) pine forests; 8) pine-oak forests; 9)
shrublands; 10) fruit trees orchards (avocado orchards and, to a much lesser extent, perennial
crops); 11) forest plantations; 12) urban areas; 13) lakes; 14) areas without vegetation; and 15)

not determined.
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3.2.2 Fuelwood productivity assignations by land cover classes present in land cover maps

Fuelwood productivity estimates by land cover class (Table 2) were derived from the study by
Ordoiiez et al. (2008) conducted over the Purhepecha Region for the year 2000, in which the
carbon content in vegetation, litter and soil was measured by means of field data acquisition,
allometric equations and samples collection. Equation 3 shows how the aboveground carbon
content of trees and shrubs was converted into an annual woody biomass increment suitable as

fuelwood.

_ BJ. >!<2>1<Ffj

b= 3)

where Bj is the carbon content in the aboveground portion of trees and shrubs by land cover class

(13444

” in Mg ha™'; 2 is the ratio between carbon and biomass (dry matter); Ff; is the fuelwood
fraction (aboveground biomass suitable as fuelwood) by land cover class “j”; and t; is the average
time needed to reach the aboveground biomass stock in years. Note that B;*2/tj correspond to the

mean annual increment (MAI) by land cover class.
3.3 Demand module

Residential fuelwood demand is a function of 1) the energy needs of households, in terms of
cooking, boiling water and space heating; 2) the final use devices (e.g. open fires, cookstoves,
etc.); and 3) the portion of the energy needs satisfied by fuelwood. Fuelwood consumption in dry
matter was measure in the Purhepecha Region by Berrueta et al. (2007) for both types of
fuelwood users, i.e. exclusive and mixed. Exclusive fuelwood users consume 3.4 + 0.8 Kg day™
cap’ (1.2+ 0.3 Mg yr” cap™) and mixed users 2.3 + 1.1 Kg day cap™ (0.8 + 0.4 Mg yr' cap™).
Four poorly correlated indicators related to fuelwood demand, were incorporated into the demand

module (fuelwood consumption was incorporated into the integration module):

Ti=U,+M, 4)
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‘Gl”

where T represents total users per locality “1”’; U are exclusive fuelwood users per locality “1” and
M represents mixed users per locality “1” (people that use both fuelwood and LPG). U is a
variable reported by INEGI census for year 2000 (INEGI, 2000), while M was estimated using

the following equation:

Ml:Ul*ﬂ (5)

where [3 is the mixed to exclusive fuelwood users ratio in the Purhepecha Region (0.25 £+ 0.10).

D,= (U, +M, %0.68)/ A, (6)

where Dy represents fuelwood users’ density per locality accessible area “v”, in users’ ha™'; A, is
each locality accessible area “v”, in ha -A, = )} A; (equation 1)-. Mixed users were multiplied by

0.68 as per capita fuelwood consumption is 68% of that assumed for exclusive users (Berrueta et

al., 2007).

S, =F,/H, 7)

661’9

where Sl is the fuelwood saturation per locality “I”, as a percentage, F are the number of
households that use fuelwood per locality “1”, and H are the total number of households per

locality “I”.

L=1y/P, (8)

where I; is the percentage of people belonging to an ethnic group per locality “1”; Ix; is the
number of people over 5 years old that speaks an indigenous language per locality “I” and Py is
total population per locality “1”. This variable is linked to fuelwood use patterns as a proxy
measure of the resilience of consumption, as fuelwood use is a cultural characteristic of most

ethnic groups in Mexico.

Ci= (U, *FC+M, *FCM) 9)
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where C; is the fuelwood consumption per locality “I”, in Mg yr™' (dry matter); FC and FCM are
the average per capita fuelwood consumption in the Purhepecha Region for exclusive and mixed
users respectively in Mg yr' cap™ (dry matter), 1.24 + 0.06 and 0.84 + 0.09 respectively.

Uncertainty values correspond to the standard error (Berrueta et al., 2007).

3.4 Integration module

The information gathered in the supply and demand modules was combined to estimate the

fuelwood supply-demand balance per locality (B,):

B, = FWS, -C, (10)

where B, is the balance between fuelwood supply and demand per locality accessible area “v”, in

Mg yr' (dry matter).

3.5 Identification of fuelwood hot spots in the Purhepecha Region

In order to identify fuelwood hot spots at a sub-county level in the Purhepecha Region, a similar
methodological approach described by Ghilardi et al. (2007) was followed. This approach uses a
geographical information system (GIS) and a spatially explicit multi-criteria analysis (MCA) to
identify priorities among spatial units, represented by accessible areas around localities in this
case, instead of counties, as in the WISDOM national assessment. Localities’ accessible areas
were analyzed by means of the selected and described indicators, and then ranked by using MCA
techniques. Three sub-steps were followed (Geneletti, 2004; Ghilardi et al., 2007): a)
standardization of indicators, b) weight assignment and aggregation procedure, and c)

construction of a Fuelwood Priority Index (FPI).

3.5.1 Standardization of indicators

Indicators were standardized by generating a linear value function, i.e. a function that expresses

the relation between the variable or indicator real value and the corresponding value score -
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between 0 and 1- (Beinat, 1997; Geneletti, 2004). Maximum and minimum thresholds were set to
eliminate extreme real values from the value function. Indicator’s extreme maximum and

minimum values were set to 1 and 0, respectively. See Appendix B.
3.5.2 Weight assignment and aggregation procedure

Following Ghilardi et al. (2007) and Geneletti (2004), three different weight sets were assigned to
indicators in order to include different perspectives into the priorization analysis (Table 3). In the
first set, equal weights were assigned to all indicators (67% of the overall weight distributed
within four demand indicators and 33% within two supply/integration indicators). In the second
set, 90% of the overall weight was distributed between FW supply/integration indicators, such as
balance and land cover change, while in the third set, 90% of the overall weight was distributed
between demand indicators. The weighted summation technique (Janssen, 2001), which consists

in adding all weighted standardized scores from all indicators used, was selected.

The weighted summation output per weight set “s” and locality accessible area “v” is given by

the equation:

6
WSOy = > R * W,

d=1

5 (11)

where R is the standardized score per locality accessible area “v” for each indicator “d”; and W is
the weight assigned for each indicator “d” and weight set “s”. As standardized scores are used,

values of WSOy, vary between 0 and 1.

3.5.3 Construction of the Fuelwood Priority Index (FPI)

The final step of the fuelwood hot spots identification analysis was to group all localities in 3
groups of priority according to their WSOs. If each of the 3 WSOs are higher than 0.6, then the
locality is ranked as High priority. If each of the 3 WSOs are higher than 0.3 but at least one is
lower than 0.6 then the locality is ranked as Mid priority. If at least one WSOs is lower than 0.3

then the locality is ranked as Low priority. This procedure gives robustness to the priorization as
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different weights were assigned to each WSO. Individual indicators’ real values can be further

analyzed from thematic maps, as for example, fuelwood balance real values.

3.6 Pressure over natural forests

The pressure exerted over natural forests by fuelwood extraction was estimated based on the

balance equation (equation 10):

PF, = B, /F, (12)

where PF, is the annual rate of fuelwood extraction from forests on a non-renewable basis per
locality accessible area “v”, in Mg ha™ yr' (dry matter) for Bv<0 and PE,=0 for Bv>0; and F, is
the forest area per locality accessible area “v”, in ha (all land cover categories in table 2 account

for forest areas, except for agriculture).

As seen in table 2, fuelwood may come from forest and non-forest areas as well. As mentioned in
the table footnotes, the fraction of aboveground woody biomass suitable as fuelwood coming
from non-forest areas was assumed equal to the natural mortality (20%), assuming that trees are
rarely fell for fuelwood as they serve to other non-energy purposes, such as fences, shade for the
livestock, etc. This is to say, fuelwood extracted from non-forest areas is considered renewable
by definition. So, for unbalance situations, it is assumed that all fuelwood extracted on a non-

renewable basis come from forest areas.

Assuming an exponential depletion curve for natural forests due to non-renewable fuelwood
extraction, the time needed to deplete half of standing woody biomass stocks suitable as

fuelwood in natural forests was estimated based on the following equations:

Stoy = Sto, *e"’ (13)

Where Stoy, is fuelwood stock i.e. aboveground woody biomass suitable as fuelwood in forests

[

per locality accessible area “v” in time “t”; Stoyy is fuelwood stock per locality accessible area
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[}

“v” in time 0 (year 2000); and k, is the depletion rate per locality accessible area “v”, as a

constant proportion of remaining stock.

ko= In| SO (14)
Sto

Where Stoy; 1s fuelwood stock per locality accessible area “v” in time 1 (year 2001), as the
difference between Stoyy and the amount of fuelwood extracted on a non-renewable basis during

the first year (balance).

ln[StovtO * 0.5}
B St 0.69

0.5, = = 15
P P (15)

v v

Where t0.5, is the time needed to deplete half of fuelwood stock per locality accessible area “v”

in years.

3.7 Estimation of the non-renewable fraction of fuelwood use

The fraction of fuelwood extracted on a non-renewable basis i.e. renewability coefficient, was

estimated based on the balance equation (equation 10):

NRFW, = B, /C, (16)

where NRFW, is the fraction of fuelwood consumption extracted on a non-renewable basis per

(Y4

locality accessible area “v”, as a ratio or percentage for Bv<0 and NRFWv=0 for Bv>0.

3.8 Uncertainty in basic data inputs

Although WISDOM is meant to provide relative/qualitative values rather than

absolute/quantitative data, incorporating uncertainties in the analysis permitted to quantify key
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variables as fuelwood balance and NRFW. See Appendix C for a detailed description of error

propagation equations used.

Uncertainties in basic data inputs were incorporated into the analysis for: 1) carbon content
estimates in the aboveground portion of trees and shrubs (Ordofiez et al., 2008) (see notes on
table 2); 2) time needed to reach aboveground biomass stock in years (see notes on table 2); 3)
fuelwood per capita consumption for exclusive and mixed users (Berrueta et al., 2007). Standard
error values were calculated from reported statistical parameters: n=23, M=3.4, SD=0.8,
Student’s p<0.05 for exclusive users; and n=20, M=2.3, SD=1.1, Student’s p<0.05 for mixed
users; and 4) mixed to exclusive fuelwood users ratio in the Purhepecha Region (0.25 + 0.10).
All variables were assumed independent i.e. covariance terms into error propagation equations

are zero, and normally distributed.

4. Results and Discussion

4.1 Selection of the basic spatial unit (BSU) of analysis by means of accessible areas and
aggregation of BSUs into neighbor localities clusters (NLCs)

As accessible areas i.e. BSUs, do not correspond to administrative divisions, overlapping
occurred with adjacent or neighbor localities. As explained above, calculation of indicators needs
that BSUs do not overlap in order to avoid double counting. Overlapping accessible areas were
then aggregated, and so all parameters and indicators associated to them (e.g. fuelwood supplies,
fuelwood users, saturation, etc.). The new accessible areas were named as neighbor localities
clusters (NLCs). Figure 2 shows an example of a NLC in the northern county of Chilchota
considering both: walking fuelwood gatherers and fuelwood gatherers using motorized vehicles.
When considering walking fuelwood gatherers, the 90 BSUs -each one corresponding to one
locality- were merged into 56 non-overlapped localities and NLCs (Fig.3). Accessible areas
extent increase when considering fuelwood gatherers using motorized vehicles, and so
occurrences of overlapping areas. In this case, accessible areas were aggregated, in order to
maximize the number of NLCs and minimize overlapping areas. The 90 BSUs -each one

corresponding to one locality- were merged into 13 NLCs with minimum overlapping areas

(Fig.4).
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Two key differences exist between BSUs from the national and sub-county assessments i.e.
counties and accessible areas around localities, besides from their spatial scale and detail: 1)
counties do not overlap between each other while accessible areas do, and 2) counties areas are
fixed while accessible areas vary with different assumptions; in our study, the means of
transportation of gatherers. When estimating accessible areas -which are defined as those areas
from which each locality extract their fuelwood-, other factors may be added as well, as for
example, other less preferred species as spatial attraction variables, new time limits for walking
fuelwood gatherers or legal restrictions from third administrative divisions (corresponding in
Mexico to communal, private and federal properties). However, not always all the desired
information is available. So, although modeling accessible areas at a sub-county level of analysis
is based on field data acquisition and available georeferenced data (average time spent for
collecting fuelwood, displacement velocities of gatherers, preferred species distribution, among
others.), they are indeed a simplified version of reality and may vary between localities of the
same region. As mentioned above, the analysis conducted was meant to provide
relative/qualitative values rather than absolute/quantitative data, except for the fraction of
fuelwood extracted in an non-renewable basis (NRFW). In other words, if basic assumptions for
determining accessible areas vary to some extent, the spatial patterns of localities and NLCs
priorization should not. Moreover, we were very conservative concerning uncertainties in basic
data assumptions, so, rather small changes in accessible areas will be diluted within the

propagated overall error of model results.”

4.2 Fuelwood hot spots in the Purhepecha Region

Following a similar approach and index calculation as the one used in the national assessment
(Ghilardi et al., 2007), the newly identified BSUs were assessed by means of each indicator and
ranked following the Fuelwood Priority Index (FPI). Figures 3 and 4 show priorities among
localities and NLCs based on the Fuelwood Priority Index (FPI) for walking fuelwood gatherers
alone: 20 high priority localities grouped in 8 NLCs; and including fuelwood gatherers using

motorized vehicles: 11 high priority localities grouped in 2 NLCs. As mentioned in the

22 Preliminary field data gathered by means of GPS receptors for showed that extraction sites lie within estimated
accessible areas for walking fuelwood gatherers.
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introduction, fuelwood hot spots or high priority localities were defined as areas where: (a)
insufficient fuelwood resources could be negatively affecting a major number of residential
fuelwood users and (b) fuelwood extraction for residential use could be exerting pressure on

natural woody areas.

From figures 3 and 4 it can be seen that high priority localities and NLCs from this study are
mainly distributed over high priority counties previously identified in the WISDOM national
assessment. This result confirms the inter-scale congruence between the WISDOM national

assessment and this study, although statistical spatial correlation should be further conducted.

Considering walking fuelwood gatherers (Fig 3), it can be seen that contrasting situations co-exist
in a single county, as compared with the WISDOM national assessment that categorized each
county with only one, spatially indivisible index of priority. For example, in the counties of
Chilchota (C), Nahuatzen (E) and Uruapan (R), low and high priority localities and NLCs are
present. What the WISDOM national assessment considered as high and mid high priority
counties, are in fact a blend of local situations unevenly distributed. Although these situations

were highly expected, they could not be consistently analyzed before the present study.

When including fuelwood gatherers using motorized vehicles the number of NLCs (13) is lower
than counties in the region (19), so, what further information does this figure show over the
WISDOM national assessment results? First, the analysis was based in basic data obtained
directly from the region, so it’s expected to be more accurate than the national assessment.
Second, this figure should be read along with figure 3: if localities and NLCs considering only
walking fuelwood gatherers were ranked as low priority, it’s improbable that including fuelwood
gatherers using motorized vehicles will reverse this situation. On the contrary, if high priority
localities and NLCs continue to be so after including fuelwood gatherers using motorized
vehicles, it means that the situation is critical, as no matter which means of transportation do
people have, fuelwood shortages and environmental negative impacts are probably present. These
kind of situations favors two broad alternatives depending on the mean income of affected
populations: people should go further for fuelwood or buy it from local markets. It’s expected
that as people need to walk or travel farther to collect fuelwood, legal boundaries may have more

influence on accessibility restrictions, favoring local markets over collection for self-
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consumption. It is worth to remark that fuelwood gathering in the Purhepecha Region is seldom
done with motorized vehicles. Following the above mentioned rationale, results from expanded
accessible areas should be regarded as a tool for scenario building, rather than a description of the

existing situation.

Finally, as with the WISDOM national analysis, priorization results should be used to identify
patterns of distribution of priority situations and rank, in a relative way, those selected BSUs.
Quantitative values aimed at estimating how much critical a single locality or NLC might be,

should be considered along with their confidence intervals.

4.3 Pressure over natural forests

Figure 5 shows the annual rate of fuelwood extraction from forests on a non-renewable basis per
locality or NLC, considering walking fuelwood gatherers. Accessible forests represent 15% (62
000 ha) of the total forest area (400 000 ha - shaded dark-grey), while forests where fuelwood is
extracted on a non-renewable basis i.e. unbalanced situations highlighted red and yellow,

represent 52% (32 000 ha) of total accessible forests and 8% of the total forest area.

Oak forests cover 9 600 ha in the Region. About 1 000 ha lye within high pressure areas. As oaks
are preferred for fuelwood, it would be expected that identified patches are prone to degradation
due to fuelwood extraction, unless some kind of coppice regrowth management or any other
alternative is conceived by the local population. Oak patches in low demanding areas of fuelwood
for self-consumption are not free from degradation as they are a potential source of income as a

local trade good, particularly if they are surrounded by deficitary localities.

Labels on figure 5 show the expected time needed to deplete half of standing woody biomass

stocks suitable as fuelwood in natural forests, assuming an exponential depletion curve.

When considering expanded accessible areas by including fuelwood gatherers using motorized
vehicles (Fig. 6), pressure on forests diminishes significantly as more area is available for
extracting the same amount of fuelwood. However, as mentioned in section 4.2., fuelwood is

seldom extracted with the help of motorized vehicles. So, it is expected that under a non-
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renewability scenario, people will go farther for fuelwood to the extent that the nearer enough

supplying areas are depleted first.

Oak forest patches lying within areas only accessible to fuelwood gatherers using motorized
vehicles (arrows in figure 6) are prone to degradation as this type of gatherers are often fuelwood
sellers looking for oaks, using chainsaws and cutting down as many trees as the vehicle can carry

out.

Deforestation resulting from woodfuel extraction have been a contested issue. For example, in the
1970s and 80s, demand for subsistence woodfuel was thought to be a primary driver of
deforestation, but more recent analyses, have shown that these impacts are highly contingent on
both social and environmental factors. Our results show that forest areas prone to degradation by
fuelwood extraction can be indeed identified using spatially explicit approaches, even though
estimated values of pressure over forests and expected depletion rates are associated to wide
uncertainty ranges. Ground truthing efforts should be conducted over those identified areas, by

means of updated satellite images and field data acquisition, among others.

4.4 Non-renewable fuelwood fraction (NRFW)

Table 4 shows both the balance and NRFW estimates for the Purhepecha Region and for the top
10 scoring localities and NLCs. While fuelwood balance (equation 10) gives the overall amount
of fuelwood extracted on a non-renewable basis from woodfuel-sheds. The non-renewable
fuelwood fraction (NRFW) (equation 16) shows the proportion this amount represents with
respect to fuelwood consumption. Balance and NRFW estimates are key indicators for deriving
baselines in business as usual (BAU) scenarios for carbon offset projects involving non-
renewable biomass (NRB) estimates. Net CO2 emissions from non-renewable fuelwood
consumption can then be added to products of incomplete combustion (PIC) diverted from wood
burning in traditional household stoves, and so have an estimate of CO2eq emissions in the
baseline. Currently, renewability estimates are taken either from aggregated areas and used in
every locality included in the project, or else are derived from site specific analyses and then

extrapolated to a whole region. Table 4 shows that of both approaches are equally wrong as the
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quantification of renewability aimed at locality-based carbon offset projects must be conducted

on a locality by locality basis, if misleading estimates are to be avoided.”

The aggregated balance and NRFW estimates for the Region varied widely when considering
localities with at least 100 and 20 households using fuelwood, respectively. This is because, as
more localities are included in the analysis, more area will be supplying fuelwood, although
demand will not increase in the same proportion given the low number of households using
fuelwood in these localities. This result clearly exemplifies how deficitary localized situations
may exist within a Region which overall aggregated estimates render positive for the case of
balance or fully renewable for the case of NRFW. Based on the Region total values shown in
table 4, all localities in the Purhepecha Region should be assigned a 0-25% NRFW, when this is
clearly a false or misleading value when considering individual estimates of selected localities
that extract their fuelwood on a non-renewable basis, and where carbon offset project should
reasonably be implemented. Note moreover from figure 5 how wide variations in estimates occur

even among adjacent or neighbor localities.**
4.5 Aggregated individual indicators’ values as compared with the national WISDOM analysis

Although the outcomes of the present analysis allow identifying localized situations at the sub-
county level, this is to say inside a single county, comparing mean values by county with those
from the national assessment (Ghilardi et al., 2007), gives useful information about how much the
values of key indicators varied between both analyses. As mentioned in the introduction, the
same set of indicators used in the national assessment was selected for this study. Yet: 1)
variations in fuelwood production due to land cover changes could not be compared as two time
periods were used: 1993-2000 for the national assessment, and 1986-2000 for the present study;
2) in the national assessment all localities with at least 20 households relying of fuelwood were

included;” so, the present analysis was run again including this new set of localities; 3) in order

 The use of GIS along with automate sub-routines, i.e. each loop recruiting a single locality, have proven
particularly useful for the present analysis (Scheme 1).

* For a detailed description of a proposed integrated methodology for including locality-based estimates and
renewability into carbon offset projects using efficient cookstoves please refer to Johnson et al. (2006). For carbon
offset projects applying to the Clean Development Mechanism (CDM) of the Kyoto Protocol, other conditions must
be met along with assuring that fuelwood extraction is not outpacing woody biomass increments (CDM, 20006).

% Notice that although the locality-based census was used in the national assessment for calculating fuelwood users
per county, national-based results cannot be disaggregated by locality, as all localities in each county have the same
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to obtain aggregated data at the county level and avoid double counting due to overlapping
accessible areas, all localities inside a single county were merged into a unique starting points set;
and finally 4) data for the 19 counties conforming the Purhepecha Region was obtained from the
original national WISDOM geodatabase; although these results were not reported separately in

Ghilardi et al. (2007).

Table 5 shows key indicators aggregated for the Purehepecha Region as compared with the
WISDOM national assessment (Ghilardi et al., 2007). Generally, the present analysis rendered
more accurate mean estimates, as seen by narrower confidence intervals. Almost all of the
Region’s area is considered accessible by the national assessment, by assuming wide linear
buffers around localities and at each side of main roads. Incorporating topographical and land
cover variables reduced accessible areas in about 50%. Fuelwood supply decreased between the
national and sub-county assessments as this indicator is directly dependent of accessible areas.
However, variations in this indicator are also due to the fact that fuelwood productivity
assumptions were different between both assessments. Although fuelwood users’ number were
the same, fuelwood consumption increased for this study as per capita assumptions were higher
than those used in the national estimates for the same area, which were based on broad eco-
climatic zones (averaging 2.5+0.5 kg per capita per day for exclusive users, instead of 3.4+0.8 for
the present study). Fuelwood balance decreased between the national assessment and this study,
because of lower fuelwood supplies and higher consumption estimates. It is important to
highlight that in the national assessment, net CO2 emissions from non-renewable fuelwood use
by the residential sector were shown disaggregated by county, and from this information, a
national estimate of GHG emissions was drawn. As seen by results from table 5, the Purhepecha
Region resulted in a positive balance i.e. no net emissions, although present results show that
deficitary situations exist within the Region. We strongly believe that when dealing with national
estimates of the proportion of non-renewable harvested fuelwood, a key value for GHG
emissions inventories, basic assumptions must be carefully evaluated in order to be the most
conservative as possible, favoring false positive (type I) errors. While, as mentioned above, when
the proportion of non-renewable harvested fuelwood is aimed for carbon offset projects (e.g.

CDM), a locality by locality analysis should be conducted.

average value for each indicator. This is to say, results from the national assessment are spatially indivisible beyond
the county level, namely the BSU.
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Key questions arise when comparing both analyses: is it worth the effort -in terms of financial
resources and GIS analysis- to go further into a sub-county scale of analysis? What new
information for implementing bioenergy projects does the sub-county analysis give compared
with the previous assessments disaggregated by county? The answer to these questions depends
on two factors: 1) the number and spatial distribution of localities within counties or any BSUs
used at the national scale analysis. If on average, BSUs are “saturated” with localities, and these
are close enough to forbid individual accessible areas identification, then the sub-county analysis
will improve the accuracy and precision of outcomes, without adding substantial information in
terms of fuelwood supply/demand spatial patterns. On the contrary, if localities within BSUs are
unevenly distributed and the identification of individual accessible areas is possible, then a sub-
county analysis will highlight differences between localities within a single BSU, as shown in the
present study; 2) The basic underlying question behind the analysis. For example, in order to
maximize its effectiveness and reduce costs, intervention projects aimed at improving the
fuelwood situation in critical areas, rather than being implemented on all localities within
selected fuelwood hot spots identified at the national level, could be much more precisely

identified using the WISDOM sub-county analysis.

5. Conclusions and future research directions

Starting from a national wide perspective, Mexican counties were ranked based on the number,
density and annual growth rate of fuelwood users; the percentage of households that use
fuelwood; the resilience of fuelwood consumption; and the magnitude and likely trends of
fuelwood resources. The analysis allowed the identification of 304 high priority counties (HPCs),
which showed a spatially aggregated pattern into 16 clusters or county-based fuelwood hot spots
(Ghilardi et al., 2007). Following a similar approach over one hot spot previously identified and
accounting for 19 of the 304 HPCs, 20 localities, out of a total of 90 in the study region, were
identified as high priority or critical in terms of the same six indicators used for the national
assessment. The 20 localities resulted grouped in 8 clusters or locality-based fuelwood hot spots

distributed between 6 adjacent counties, out of 19 in the study area.
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We argued that this approach is innovative because, starting from a national perspective, it
permits identifying the most critical local situations with respect to fuelwood use, while using
available information, few financial and human resources and a straight forward methodology. In
other words, the approach helps focus resources and attention on those most critical local

situations, bridging the gap between national aggregated studies and local site specific surveys.

WISDOM national assessments (aimed at identifying county-based fuelwood hot spots), are a
useful tool for incorporating traditionally used woodfuels into the national energy planning
agenda and to start focusing actions on the most critical regions or counties. On the other hand,
WISDOM sub-national assessments (aimed at identifying locality-based fuelwood hot spots), are
a useful tool for designing and implementing concrete actions or intervention projects derived
from the national agenda. It’s worth to notice however that locality-based fuelwood hot spots are
not an array of isolated localities unrelated among each other. On the contrary, each locality’s
fuelwood supply and demand patterns are linked to other localities through local trade, cultural
relationships, informal territorial agreements, roads networks, among others. Trade offs may arise
from the implementation of projects within those most critical localities inside a fuelwood hot
spot; for example, improving the access to fuelwood resources and/or the end use efficiency of
fuelwood consumption could negatively impact those other localities which sell their surpluses of
fuelwood; or social conflicts may arise between NGOs applying bioenergy projects and local
companies providing LPG for mixed users. Integrative and participatory-based surveys, such as
the MESMIS framework (Masera et al., 2000), should be applied before designing and

implementing concrete actions over targeted localities.

Finally, given the set of indicators considered in both analyses, there are no theoretical
restrictions for conducting an analysis at the sub-county level covering the entire national
territory. However, we argue that the benefit-cost ratio is by far more favorable when following
the proposed multi-scale approach than conducting such an hypothetical detailed analysis, which

will require hardly available inputs and an impressive computing capacity.
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6. Theory and calculation
Appendix A: Workflow of model.

Scheme 1 shows a simplified representation of the workflow of the WISDOM grid-based model
developed for the present study for analyzing fuelwood supply/demand spatial patterns at a sub-

county level.
Appendix B: Standardization of indicators (linear value functions).

Graphics 1 and 2 show linear value functions for four of the six indicators used in the
construction of the FPI, considering accessible areas for walking fuelwood gatherers and
fuelwood gatherers using motorized vehicles respectively. Saturation and ethnicity were not
included as real values of these indicators vary between 0 and 1. Linear value functions express
the relation between the indicator real value (X axis) and the corresponding value score between
0 and 1 (Y axis). Break points were set to avoid non representative value functions due to wide

ranges in indicators’ real values.
Appendix C. Error propagation equations.

Standard error values from input data were propagated through the following equations (A

represent the standard error):

AB.#2+Ff. Y (At.Y (B #2%Ff
AP; = B B N T S B ) e B § (17)
Bj>l<2>l<Ffj t. t.

J J

[13%2]

where P; is the fuelwood productivity by land cover class “j” in Mg ha™' yr! (dry matter); B is the
carbon content in the aboveground portion of trees and shrubs by land cover class “j” in Mg ha™;
2 1s the ratio between carbon and biomass (dry matter); Ff; is the fuelwood fraction (woody
biomass suitable as fuelwood) by land cover class “j”; and t; is the average time needed to reach

the aboveground biomass stock in years.
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8

AFWS, = 3 '(A *AP,f (18)

=1

where FWS, is the amount of fuelwood which can be sustainably harvested from each locality
accessible area “v”, in Mg yr'' (dry matter); A,; is each locality accessible area “v” by land cover

(13444 [13%4]

J”” in ha and P; is the fuelwood productivity by land cover class “j” in Mg ha™' yr! (dry matter).
AM, = U, *AB (19)

where U are exclusive fuelwood users per locality “I’; M are mixed users per locality “I” (people
that use both fuelwood and LPG); and f is the mixed to exclusive fuelwood users ratio in the

Purhepecha Region (0.25 £ 0.10).

2

2 2
AC = (U, *AFC) + aM, +(AF cm j * (M, * FCM) (20)
M, FCM

where C; is the fuelwood consumption per locality “1”, in Mg yr™' (dry matter); FC and FCM are
the average per capita fuelwood consumption in the Purhepecha Region for exclusive and mixed

users respectively in Mg yr! cap™ (dry matter) (Berrueta et al., 2007).

AB, =-/(AFWS, ) + (AC, ) 1)

where B, is the balance between fuelwood supply and demand per locality accessible area “v”, in

Mg yr' (dry matter).

2 2
ANRFW, = J[A: ] +(Acclj * NRFWv (22)
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where NRFW, is the fraction of fuelwood consumption extracted on a non-renewable basis per

[}

locality accessible area “v”, as a ratio or percentage for Bv<0 and NRFW,=0 for Bv>0.
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Gulf of Mexico

Pacific Ocean

250 500 1,000 Km

Notes: Black irregular spots in both maps represent fuelwood high priority counties following WISDOM’s national

assessment (Ghilardi et al., 2007). On the map of the left, counties conforming the Purhepecha Region, in the north-
west of Michoacan State, were highlighted in dark grey.
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Figure 2. Accessible area for a Neighbor Localities Cluster (NLC) considering both: walking
ewoo gatherers and fuelwood gatherers using motorized vehicles.
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Figure 3. Priorization of single localities and Neighbor Localities Clusters (NLCs) based on the
Fuelwood Priority Index (FPI) for walking fuelwood gatherers.
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Notes: Squared letters and numbers correspond to the county name and the FPI from the national priorization
respectively (Ghilardi et al., 2007). (A) Charapan; (B) Cherdn; (C) Chilchota; (D) Erongaricuaro; (E) Nahuatzen;
(F) San Juan Nuevo Parangaricutiro; (G) Paracho;, (H) Patzcuaro; (1) Periban; (J) Quiroga; (K) Los Reyes; (L)
Salvador Escalante; (M) Tancitaro; (N) Tangancicuaro; (O) Taretan; (P) Tingambato; (Q) Tzintzuntzan; (R)
Uruapan; (S) Ziracuaretiro. 5=High priority; 4=Mid-high priority; 3=Mid priority; 2= Mid-low priority; 1= Low
priority. Circled numbers correspond to single localities and NLCs: (1) Agua Zarca; (2) Angahuan; (3) Apo; (4)
Atapan;, (5) Capacuaro; (6) Charapan; (7) Cheran Atzicuirin (Cherdnastico); (8) Cocucho; (9) Corupo; (10)
Cuanajo; (11) Cutzato (Cuisato); (12) General Damaso Cdrdenas (Pdramo); (13) Huecato; (14) Istaro; (15) J. Jesus
Diaz Tzirio; (16) La Mojonera; (17) Nuevo San Juan Parangaricutiro; (18) Ocumicho; (19) Paramuen; (20)
Patamban (Patambam); (21) Periban de Ramos; (22) Puacuaro; (23) Los Reyes de Salgado; (24) San Andrés Coru;
(25) San Angel Zurumucapio; (26) San Felipe de los Herreros (San Felipe); (27) San Francisco Pichdtaro
(Pichataro); (28) San Isidro2; (29) San Lorenzo; (30) NLC Ajuno; (31) NLC Cariada; (32) NLC Comachuén; (33)
NLC Nuevo Zirosto; (34) NLC Opopeo; (35) NLC Pamatacuaro; (36) NLC Paracho; (37) NLC Patzcuaro; (38)
NLC Quiroga; (39) NLC Santa Juana; (40) NLC Sevina; (41) NLC Tancitaro; (42) NLC _Urapicho; (43)

NLC Uringuitiro; (44) NLC Uruapan; (45) NLC Zirimbo; (46) NLC Zirdondaro; (47) Tanaco; (48) Tangancicuaro
de Arista; (49) Taretan; (50) Tenguecho; (51) Tingambato; (52) Tomendan; (53) Turirdan; (54) Tzintzuntzan; (55)
Zirahuén; (56) Zirimicuaro.
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Figure 4. Priorization of single localities and Neighbor Localities Clusters (NLCs) based on the
Fuelwood Priority Index (FPI) for both: walking fuelwood gatherers and fuelwood gatherers
using motorized vehicles.
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Notes: Squared letters and numbers correspond to the county name and the FPI from the national priorization
respectively (Ghilardi et al., 2007). (A) Charapan; (B) Cheran; (C) Chilchota; (D) Erongaricuaro; (E) Nahuatzen;
(F) San Juan Nuevo Parangaricutiro; (G) Paracho; (H) Patzcuaro; (1) Periban; (J) Quiroga; (K) Los Reyes; (L)
Salvador Escalante; (M) Tancitaro; (N) Tangancicuaro; (O) Taretan; (P) Tingambato; (Q) Tzintzuntzan; (R)
Uruapan; (S) Ziracuaretiro. 5=High priority; 4=Mid-high priority; 3=Mid priority; 2= Mid-low priority; 1= Low
priority. Circled numbers correspond to NLCs: (1) NLC Cardiada; (2) NLC Capacuaro; (3) NLC_Comachuén; (4)
NLC Los Reyes; (5) NLC_Nahuatzen; (6) NLC Opopeo; (7) NLC_Paracho; (8) NLC Patamban; (9)

NLC Patzcuaro; (10) NLC Tancitaro; (11) NLC Tangancicuaro; (12) NLC Uurapan; (13) NLC Zuicuicho.
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Figure 5. Pressure over natural forests due to fuelwood extraction on a non-renewable basis from
accessible areas considering walking fuelwood gatherers.
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Notes: Highlighted red, yellow and green areas within accessible areas correspond to accessible forests. Dark-grey
areas correspond to non-accessible forests. Labels show the expected time in years for depletion of half the fuelwood
stock available from forest areas.
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Figure 6. Pressure over natural forests due to fuelwood extraction on a non-renewable basis from
accessible areas considering both: walking fuelwood gatherers and fuelwood gatherers using
motorized vehicles.
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Notes: Highlighted yellow and green areas within accessible areas correspond to accessible forests. Dark-grey areas
correspond to non-accessible forests. Arrows show remanent oak forests patches only accessible to fuelwood
gatherers using motorized vehicles . (1) NLC_Caiiada = 0.74 Mg ha yr'; (3) NLC_Comachuén =0.90 Mg ha™ yr'.
Expected time for depletion of half the fuelwood stock available from forest areas exceed 70 years in both cases.
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Table 1. Displacement velocities of walking fuelwood gatherers according to slope angles,
attractive land covers, barriers and passages.
Slope range in ~ Displacement velocity in seconds spent per meter

degrees walked
All land cover Oak forests Oak forests'
classes except attractiveness
oak forest and buffer areas.
their
attractiveness
buffer arecas
0.0°-8.5° 0.8 0.4 0.6
8.5°-16.7° 1.2 0.6 0.9
16.7° - 24.2° 2.1 1.05 1.575
24.2° - 35.0° 4.5 2.25 3.375
35.0°-45.0° 9 4.5 6.75
45.0°-90.0° 0 00 ©
Bridges 0.8 0.8 0.8
Tunnels 0.8 0.8 0.8
Dams 0.8 0.8 0.8
Rivers 00 o0 o0
Lakes 0 o o

Source: Puentes (2002) and own estimates made from field surveys over the Purhepecha Region.
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Table 2. Fuelwood productivity estimates linked to land cover classes.

Land cover class Aboveground Average time Mean Annual MAl as a Fuelwood to  Fuelwood
biomass needed to Increment percentage of aboveground increment in
stock in Mg  reach (MAI)in Mg aboveground biomass ratio Mg ha™ yr”
ha' @ aboveground ha™ yr'© biomass (FH©@ ©

biomass stock

stock in years
(b)

Agriculture* 15+15 30+8° 0.5+0.5 3% 0.2 0.1+0.1
Secondary forests 145+ 8 25+6° 73+19 4% 0.6 35+09
Fir forests 269 + 30 45+11% 9.0+2.4 2% 0.4 2.4+0.7
Grasslands 15+ 15 30+8 7 0.5+0.5 3% 0.2 0.1+0.1
Oak forests 226+ 22 60+15" 45+12 2% 0.8 3.0+£0.8
Pine forests 201 +21 40+10% 6.7+ 1.8 3% 0.4 20+0.5
Pine-Oak forests 183 + 18 50+ 13 ' 46+12 2% 0.6 22+0.6
Shrublands 57+50 4010 19+1.7 3% 0.8 1.1£1.0

Notes: (*) rainfed or seasonally cultivated agriculture. Land cover classes not considered in the analysis are: irrigated
agriculture, fruit trees orchards, forest plantations, urban areas, lakes, areas without vegetation and not determined.
Almost no fuelwood is extracted in the Region from irrigated agriculture areas, fruit trees orchards and forest
plantations for being mostly closed or overseen areas. Other classes simply do not represent significant sources of
fuelwood. (a) Taken from Ordofiez et al. (2008). The mentioned study does not report trees outside forests (i.e. trees
in agriculture and grassland areas), only herbaceous vegetation. A conservative assumption of aboveground biomass
stock in agriculture and grassland areas was considered as 1/10 of secondary forests, with a percentage of uncertainty
of 100%: from no woody biomass at all to nearly half of shrubland areas. It’s worth to mention that in spite of the
fact that most authors agree on the important role of non-forest sources in supplying fuelwood for households, the
studies providing objective measurement are extremely rare (Drigo, 2007a). The values assumed for these two land
cover classes should be regarded as a first approximation. For non-anthropic land cover classes error values
correspond to standard errors reported in (Ordofiez et al., 2008). (b) (T) average age of trees outside forests from
unpublished own field-based estimates in the Purhepecha Region; (*) Pine-Oak forests / 2; (1) (NFIL, 1994); (**)
(Bonfil, 2006); (1) average between Pine and Oak forests; ($}) (Navar et al., 2001). A 25% uncertainty was
assumed for all land cover classes. (¢) MAI = (a) / (b). (d) Ff correspond to the aboveground woody biomass suitable
as fuelwood. This coefficient integrates two ratios:1) woody biomass to total biomass and 2) fuelwood to woody
biomass (Brown, 1997; Brown et al., 1989; Brown and Lugo, 1982; Cannell, 1984, 1985). For agriculture areas and
grasslands, the fraction of aboveground woody biomass suitable as fuelwood was considered equal to the natural
mortality (=20%). In the study region, trees outside forests are rarely fell down for fuelwood, as they serve to other
non-energy purposes such as fences, shadow for the livestock, etc. This is to say, by definition, all fuelwood
extracted from agriculture areas and grasslands is considered renewable. (e) Standard error values were propagated
using the sum of squares of uncertainties and percentage of uncertainties from input variables, assuming that these
are uncorrelated (i.e. covariance terms into the equations are zero) and normally distributed (see methods and
appendix C).
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Table 3. Indicators used in the construction of the FPI and weights assignments.

Indicator Abrev. Equation Unit Module of Weight Weight Weight
origin Set 1 Set 2 Set 3

Land cover LCV, (2 Mg yr' Supply 0.17 0.03 0.23

change (1986-

2000)

FW users T, 4) number of users Demand  0.17 0.03 0.23

FW density D, (6) number of users Demand  0.17 0.03 0.23

ha™!

Saturation S @) % Demand  0.17 0.03 0.23

(households)

Percentage of L ®) % Demand  0.17 0.30 0.03

people belonging

to an ethnic

group

FW balance B, (10) Mg yr! Integration 0.17 0.60 0.06

Total 1.00 1.00 1.00
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Table 4. Top-10 localities and NLCs with the highest values for negative balances and NRFW.

Classification ~ Locality or NLC name Balance (B) eq. Confidence
number (Fig. 3) 10, in Mg yr-1 Interval

31 NLC Canada* -162 £ 2.5 -21.0 - -11.3
40 NLC Sevina* -15.1 + 1.7 -18.5 - -11.7
32 NLC Comachuén* 9.1 £ 1.7 -12.5 - 5.8
5 Capacuaro™ -72 £ 0.8 -8.7 - -5.6
34 NLC Opopeo 7.1 £ 1.5 99 - 42
42 NLC Urapicho* 54 £ 0.6 -6.5 - 43
10 Cuanajo -3.5 £ 05 -45 - 25
2 Angahuan* -2.8 £ 0.7 42 - -13
25 San Angel Zurumucapio 27 £ 03 34 - 21
33 NLC Nuevo Zirosto 22 £ 0.2 26 - -19
Regions' Totals Localities (n = 56) with at least 100 93 + 24 -139 - -46

households using fuelwood, and
rendering only negative balance values
(58% of total fuelwood consumption)

All localities (n = 90) with at least 100 -62 + 39 -139 - 14
households using fuelwood rendering

negative and positive balance

values(76% of total fuelwood

consumption)

All localities (n = 298) with at least 20 64 + 72 -78 - 206
households using fuelwood rendering

negative and positive balance values

(95% of total fuelwood consumption)

Classification ~ Locality or NLC name NRFW eq. 16, in Confidence
number (Fig. 3) percentage Interval
33 NLC Nuevo Zirosto 9 + 10 76 - 100
22 Pudacuaro 93 + 11 71 - 100
42 NLC Urapicho* 83 £ 10 63 - 100
3 Apo 77 £ 10 57 - 97
Capdcuaro™ 75 £ 10 55 - 95
40 NLC Sevina* 75 + 10 55 - 95
25 San Angel Zurumucapio 74 = 10 54 - 94
31 NLC Caiiada* 69 £ 12 45 - 93
10 Cuanajo 67 = 11 45 - 89
26 San Felipe de los Herreros (San Felipe) 64 + 12 40 - 88
Regions' Totals All localities (n = 90) with at least 100 25 + 16 0 - 56

households using fuelwood (76% of total
fuelwood consumption)

All localities (n = 298) with at least 20 Renewable
households using fuelwood (95% of total
fuelwood consumption)

Notes: Uncertainty values correspond to propagated standard errors. Confidence intervals assuming an alpha
significance level of 0.05 (z-value = 1.96). * ranked as high priority by the FPI (see section 4.2).
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Table 5. Aggregated indicators for the 19 counties of the Purhepecha Region as compared with
the previous WISDOM national assessment.

Indicator National assessment This study

Mean Confidence interval’ Mean Confidence interval*
Accessible area in thousand of hectares 653 609 - 653 279
Fuelwood supply (FWS) in Kt yr'! 901 196 - 1583 377 242 - 511
Fuelwood users (T) in thousand of users 270 216 - 324 270 228 - 312
Fuelwood consumption (C) in Kt yr 253 169 - 352 314 267 - 359
Fuelwood balance (B) in Kt yr™! 647 -156 - 1415 64 -78 - 206

Notes: All localities (n = 298) with at least 20 households using fuelwood were analyzed in both approaches.
Selected localities account for 95% of total fuelwood consumption in the Purhepecha Region. (1) Confidence
intervals were set based on minimum and maximum input assumptions. Uncertainties in basic data were incorporated
into the analysis for: 1) land cover productivity, 2) accessibility, 3) number of mixed users, and 4) per capita
consumption (Ghilardi et al., 2007). (1) Confidence intervals assuming an alpha significance level of 0.05 (z-value =
1.96), and calculated from propagating standard errors associated to input variables. See Appendix C for details.
Uncertainties in basic data inputs were incorporated into the analysis for: 1) aboveground biomass stock; 2) time
needed to reach aboveground biomass stock; 3) fuelwood per capita consumption for exclusive and mixed users; and
4) mixed to exclusive fuelwood users ratio in the study area. All variables were assumed independent i.e. covariance
terms into the equations are zero, and normally distributed (see section 3.8).
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Scheme 1. Simplified workflow of the WISDOM grid-based model for sub-county fuelwood

supply/demand spatial patterns analysis.

WIRDOH HATIOHAL ARSISRMINT
COVERAGE = whale couniry; BB = J=d sdminsirabive wnils (o9 counlies)

[Uhis Blwdy )
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Multicriteria Analysin
1} Standardization of indicators [Linear walue functions)
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I
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Notes: All processes (usually shown as rectangles), loops (i.e. iterative data flows by which single localities are
recruited) and MCA analyses were obviated from the workflow for simplicity. NLC = Neighbor Localities Cluster:
the step by which adjacent accessible areas of nearby localities are merged into one NLC was also obviated from the
workflow for simplicity. BSU = Basic Spatial Unit of analysis. FPI = Fuelwood Priority Index. NRFW = Non-
Renewable Fuelwood.
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Graphic 1. Linear value functions for four of the six indicators used in the construction of the

FPI, considering accessible areas for walking fuelwood gatherers.
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Graphic 2. Linear value functions for four of the six indicators used in the construction of the
FPI, considering accessible areas for both: walking fuelwood gatherers and fuelwood gatherers
using motorized vehicles.

11

Balance between fuelwood supply and demand per locality/ NLC
accessible area in Mg yr-1 (dry matter)

Fuelwood users per locality/NLC in Mg yr-1 (dry matter)

a -6 891 038 b
0.6
04 1
024 68 038 021 27992
-20,000 -10,000 0 10,000 20,000 -10,000 0 10,000 20,000 30,000

Annual variation in fuelwood production per locality/NLC in Mg yr-1
(dry matter) due to land cover changes between years 1986 and 2000

14
c T d
0.8 q T 0.8 q 1.62
36911
0.6 06 1
0.4 04
820
0.2 l 0240.07
0 T T T 1 0 T |
0 10,000 20,000 30,000 40,000 0.0 1.0 2.0

Fuelwood users’ density per locality/NLC accessible area in users” ha-1

Notes: Arrows show maximum and minimum real values for each indicator.




180 Analisis multi-escalar de los patrones espaciales de oferta y demanda de lefia en México



181

V. CONCLUSIONES GENERALES

A lo largo de los tres capitulos centrales de la presente tesis se describié un enfoque
metodolégico novedoso, denominado WISDOM por sus siglas en inglés, el cual permite analizar
los sistemas de oferta y demanda de madera para energia, particularmente lefa, a través de
multiples escalas y desde una perspectiva integrada y comprehensiva; la cual fomenta el
didlogo entre las agencias gubernamentales forestal y energética, al mismo tiempo que facilita
el disefio de politicas y estrategias coherentes para el sector.

Partiendo de una perspectiva nacional, 2,395 municipios (de un total de 2,424 en México en el
ano 2000) fueron categorizados segun el numero, densidad e incremento medio anual de los
usuarios de lefa; el porcentaje de casas que utilizan lefia para cocinar; la resiliencia en el
consumo de lefia debida a factores culturales; y la magnitud y tendencia de las coberturas del
suelo utiles como fuente de lefa. El analisis permitié identificar 304 municipio criticos,
distribuidos en 16 grupos 6 clusters 6 hot spots. Siguiendo un enfoque similar, pero
incorporando variables espaciales emergentes, se analizé uno de los grupos de municipios
prioritarios identificados en el paso anterior, conformado por 16 de los 304 municipios criticos.
Dentro de éste grupo o hot spot se identificaron 20 localidades criticas, de un total de 787 en la
area de estudio, las cuales resultaron agrupadas en 8 grupos distribuidos en 6 municipios
adyacentes.

Las evaluaciones nacionales empleando la metodologia WISDOM (orientadas a identificar
grupos de municipios criticos), sirven para incorporar el uso tradicional de combustibles de
madera dentro de las agendas energéticas nacionales. Por otra parte, los analisis sub-
municipales (orientados a identificar localidades criticas), sirven para disefar e implementar
acciones concretas 6 proyectos de intervencién sobre grupos de localidades especificas.

Argumento que el enfoque propuesto es novedoso porque, partiendo de un panorama nacional,
permite identificar aquellas localidades donde la situacion respecto al abasto y uso de lefia es
mas critica, resolviendo el antiguo dilema entre valores nacionales agregados vs. estudios de
caso puntuales pero dispersos. El enfoque ayuda a concentrar los recursos sobre aquellas
situaciones criticas particulares, utilizando informacién disponible, poco recursos financieros y
humanos, y una metodologia relativamente sencilla.

En sintesis, los beneficios principales de la metodologia propuesta incluyen:

¢ Fomenta una vision holistica del sector; mientras identifica areas blanco prioritarias,
donde las acciones deberian ser concentradas para asi optimizar el uso de recursos
humanos, institucionales y financieros disponibles.

¢ Puede utilizarse para promover el uso sustentable de la lefa, y la madera para energia en
general, la cual es una fuente renovable de energia, ampliamente disponible, y capaz de
contribuir al desarrollo sustentable de los municipios y localidades mas marginados.

¢ Dentro del contexto del cambio climatico, los resultados de las evaluaciones nacionales
aportan informacién robusta y espacialmente explicita a los inventarios nacionales de
gases de efecto invernadero (GEI). Por su parte, las evaluaciones sub-municipales
permiten cuantificar, dentro de determinados intervalos de confianza, la madera extraida
de manera no-renovable, el cual es un dato clave para calcular la linea de base en
proyectos de emisiones evitadas de CO..
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El uso de madera con fines energéticos tiene un enorme potencial dentro de las opciones
bioenergéticas. Tanto en México, como en el resto de los paises en vias de desarrollo, se
espera que los actuales patrones de uso tradicional se mixturen con patrones de uso moderno,
con un consiguiente aumento de la demanda de madera para energia paralelo a la
diseminacion de plantaciones energéticas. Dentro de este panorama, los modelos espaciales y
multi-escalares para la evaluacion de este recurso van a ser cada vez mas necesarios. Espero
que los resultados y metodologias presentadas, asi como aquellas actualmente en desarrollo
por el laboratorio de bioenergia de la UNAM, sean aplicadas ampliamente en diferentes
regiones y paises; sirviendo como herramientas escenciales de apoyo y planeacion para el
proceso de transicidén energética global.

V.1 Direcciones futuras de investigacion
Algunos temas de interés en el corto y mediano plazo son:

¢ Conducir analisis sub-municipales sobre otras areas prioritarias de México, de preferencia
cubriendo zonas macro-ecoldgicas variadas (e.g. zonas aridas, tropicales humedas y sub-
humedas, etc.) . La limitante para éste paso es contar con mapas de cobertura del suelo
re-clasificados a partir de imagenes de satélite de al menos 30mts/pixel de resolucion. Al
momento de terminar ésta tesis, la SEMARNAT?® ha decidido liberar el total de imagenes
SPOT de 10mts/pixel para todo el territorio Mexicano. Por su parte, entre Julio de 2008 y
enero de 2009, el USGS? va a liberar todas las imagenes Landsat desde el comienzo del
proyecto en 1982.

e Desarrollar escenarios segun tendencias en los valores de oferta (e.g. patrones
espaciales de cambio de uso del suelo, vulnerabilidad de los ecosistemas forestales al
cambio climatico, etc.) y demanda de madera para energia (e.g. tendencias en el nUmero
y distribuciéon de usuarios de lefia segun INEGI 1990, 2000, 2010, cambios en los
patrones de consumo de lefia por variaciones significativas en el precio de los
combustibles alternativos, etc.).

e Explorar los alcances de la metodologia para evaluar los patrones espaciales de oferta y
demanda de carbon vegetal y de uso lefia por pequehias industrias.

e Ampliar las aplicaciones del modelo como herramienta de apoyo para los inventarios
nacionales de gases de efecto invernadero y para calcular lineas de base para proyectos
de emisiones evitadas de CO, que consideran el cambio de biomasa no-renovable a
renovable.

e Explorar con mayor detalle los supuestos de productividad de madera disponible para
energia en general, y en especifico para lefa, buscando preferentemente referencias y
estudios de caso conducidos en México. Asi mismo, mejorar la modelaciéon de usuarios
mixtos y de ser posible, ajustar el consumo de lefia per capita segun un mayor numero de
estudios de caso.

e Explorar las posibilidades de dividir la estimacién del balance por sectores de produccion:
industrial, agropecuaria, comercial y residencial. Esto permitiria ajustar algunos supuestos
de productividad, accesibilidad y practicas de extraccion segun caracteristicas propias de
cada sector, y por consiguiente dirigir mejor las recomendaciones.

% Secretaria de Medio Ambiente y Recursos Naturales del Gobierno de México
" United States Geological Survey
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e Explorar mecanismos para la actualizacién peridodica de la bases de datos geo-
referenciadas.

e Aunque los analisis nacional y sub-municipal fueron conducidos mediante sub-rutinas
personalizadas (e.g. esquema 1 del capitulo IV), seria muy provechoso desarrollar un
software o interfaz amigable con el usuario, a fin de facilitar la aplicacion del modelo, para
cada escala de analisis, sobre otros paises y regiones.

¢ Aplicar la metodologia desarrollada por Anastasiou (2006) para estimar biomasa aérea
mediante la digitalizacién de ortofotos a escalas 1:10,000 6 1:20,000. Dependiendo de la
fecha de adquisicion de la fotografia, éste tipo de analisis permitiria estimar el balance
entre la oferta y la demanda para un localidad en particular con un grado considerable de
precision, sin necesidad de tomar datos de campo.

e Utilizar la metodologia, en sus diferentes escalas de aplicacion, como herramienta de
colaboracion en la evaluacion de riesgos a la salud por emisiones de humo de lefia al
interior de los hogares rurales.

o Explorar en profundidad la dependencia escalar de las relaciones existentes entre la
oferta y la demanda de lefa, y de combustibles de madera en general. Existen
herramientas tedricas que podrian ser de utilidad y revelar relaciones inter-escalares de
interés, como por ejemplo la teoria fractal. Con respecto a éste tema, el autor de la
presente tesis esta escribiendo una comunicacién breve titulada: Influence of scale-
dependent variables in woodfuels supplies estimations, la cual va a ser sometida en
Agosto de 2008 a la revista Biomass and Bioenergy.

o Explorar la correlacién espacial entre la distribucién de areas citicas por uso de lefia con
otras variables de interés, como por ejemplo, areas prioritarias para la conservacion,
distribucion de la marginacién, areas de captacion de agua en macro-cuencas, catastro
(PROCEDE), penetracion de GLP, entre otros.

¢ Finalmente, seria interesante trazar, al menos a grandes rasgos, algunos flujos entre los
sitios de produccién y los de consumo de madera con fines energéticos, en particular de
carbon vegetal.

Con respecto a la validacién del modelo, lamentablemente no existen metodologias de
validacién del modelo concluyentes para los analisis nacional y sub-municipal (capitulos Il y IV
respectivamente). Sin embargo, he identificado (y en algunos casos conducido) algunos
procedimientos metodolégicos orientados a validar y robustecer el modelo.

Considerando el analisis a escala nacional:

1) Comparar los resultados entre los analisis nacional y sub-municipal. Estos resultados se
muestran en la figura 3 del capitulo IV, y dan una idea de la coherencia espacial entre los
resultados a ambas escalas de andlisis.

2) Determinar la correlacion espacial entre los mapas de municipios prioritarios y los mapas de
deforestacion para México (e.g. mapa de cambio de uso del suelo a partir de las cartas de uso
del suelo y vegetacion a escala 1:250,000 de INEGI para el periodo 1993 (serie Il) - 2002 (serie
[l)). La extraccion de lefia para uso residencial rara vez es causa de deforestacion a nivel de
todo un municipio, o un conjunto de ellos. Las causas de la deforestacion en México son la
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expansion de la frontera agropecuaria y la tala no regulada de los bosques nativos para la
obtencion de madera de aserrio. Sin embargo, el correlacionar espacialmente los municipios
criticos con aquellos con mayor tasa de deforestacion podria aportar informacion espacial
relevante.

3) Determinar la correlacion espacial entre los mapas de municipios prioritarios y un muestreo
nacional sobre precios de la lefa. El precio de la lefia varia en funcién de una serie de
variables, incluyendo la escasez de lefia o la sobre-explotacion del recurso. Lamentablemente
no existe un muestreo sobre el precio de la lefia a escala nacional.

4) Una vez procesada la informacion de estudios de caso presentada en el anexo IV, se podria
intentar validar algunos parametros mediante un meta-analisis.

Considerando el analisis a escala sub-municipal:

1) Validar los sitios de extraccion de lefia segun los diferentes tipos de lefiadores. Resultados
recopilados en las localidades de Ajuno (NLC_Ajuno 30) (Figuras V.l - V.III), Uruapan
(NLC_Uruapan 44), y Santa Fe de la Laguna (NLC_Ziréndaro 46), mediante el uso de
receptores GPS, mostraron que los sitios de extraccion nunca resultaron fuera de las areas
accesibles estimadas para lefiadores a pie, independientemente del medio de transporte
utilizado. Este dato preliminar pareceria indicar una sobreestimacion en las areas de colecta de
lefia para uso residencial en la meseta Purhepecha. Actualmente se contintan validando los
sitios de extraccion como parte de un proyecto sobre emisiones evitadas de CO, por la
implementacién de estufas eficientes de lefia.

2) Realizar entrevistas con los usuarios de lefia, y de ser posible, con los vendedores locales a
fin de conocer como perciben el grado de dificultad en el abasto de lefia, y como éste ha
variado en los ultimos afos. Dos tesis de maestria conducidas en las localidades de Ajuno
(Garcia-Burgos, 2007) y Santa Fe de la Laguna (Puentes, 2002) contiene resultados de
encuestas de este tipo.

3) Evaluar el eventual efecto de los limites legales en la colecta de lefia para uso residencial.

4) Evaluar el impacto de la extraccion de lefia sobre el bosque, con énfasis en la extraccion de
especies preferidas para lefa. Dos tesis, una de maestria (Puentes, 2002) y otra de doctorado
(Rudger, 2006) han abordado éste tema, sin embargo, son estudios de caso puntuales poco
representativos de la variacion espacial. EIl método mas robusto para validar este punto, amén
de un meta-analisis basado en los estudios de caso el anexo IV, el cual puede resultar
sumamente complejo, es el uso de imagenes satelitales sucesivas. Por ejemplo, el analisis
conducido sobre la meseta Purhepecha corresponde al afio 2000. El uso de imagenes recientes
serviria para corroborar que ocurrio con las areas forestales mas susceptibles de degradacion,
aunqgue no se podria concluir si fue la extraccion de lefa la Unica causa. Una manera de dirigir
la atencion al efecto aislado de la extraccion de lefia, es considerar solamente los bosques de
pino-encino que cambiaron a bosques de pino, ya que los encinos son casi exclusivamente
utilizados con fines energéticos. Un analisis preliminar de este tipo mostré masas forestales que
sufrieron ésta transicion cerca de la localidad de Comachuén, una de las localidades criticas.
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Figura V.I. Validacién de sitios de extraccion de lefia en la localidad de Ajuno.
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Figura V.lII. Validacién de sitios de extraccion de lefia en la localidad de Ajuno.
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ANEXO I: Metodologias para estimar la oferta de madera disponible como lena

Es necesario definir primero que tipos de biomasa tienen potencial para un uso energético o
combustible. Segun Ghilardi et al. (2006), los bio-combustibles primarios son toda aquella
materia de origen organico (i.e. biomasa), que no es fosil, y que se destina o tiene algun
potencial para la produccion de energia®. Las principales fuentes de biomasa para energia son
productos y residuos forestales, agropecuarios, agroindustriales y municipales, como por
ejemplo la lefia, los rastrojos, las excretas del ganado, el bagazo de la cafia, o los residuos
municipales sdlidos. En la presente tesis se definié a la lefia como toda aquella madera (i.e.
biomasa lefiosa) que conserva su estructura original (a diferencia del carbén vegetal, el licor
negro, el metanol, los aceites piroliticos, o los productos procedentes de la gasificacion) y cuya
combustién intencional puede aprovecharse como fuente de energia. Por lo tanto, las fuentes
de lefa son los arboles (bosques nativos, plantaciones y arboles fuera del bosque) y los
residuos de la explotacion forestal (aquellos que quedan en los sitios de extraccion y en los
aserraderos). Los residuos de la explotacion forestal no fueron considerados como una fuente
de oferta de lefa significativa para uso del sector residencial en México. Asi, la Unica fuente de
lefia para uso residencial en México es la biomasa lefiosa aérea y muerta proveniente de
bosques nativos y arboles fuera del bosque®. Es importante mencionar que la madera residual
de actividades de cambio de uso del suelo (e.g. roza-tumba-quema, tala ilegal, etc.) no se
considera como parte de la oferta renovable de lefa. El cambio de cobertura del suelo de
bosque a no bosque se incluyé dentro de la presente tesis como un indicador espacial del
decremento futuro en la oferta de lefia, sin considerar el aumento temporal y efimero de madera
disponible para lefia y carbén.

A continuacién se describen brevemente los métodos mas comunes empleados en ecologia
para estimar biomasa en estudios de vegetacion, y se analiza cémo la informacién generada
por estos métodos puede utilizarse para estimar la oferta de lefia.

Independientemente de la diversidad de metodologias desarrolladas para estimar biomasa en
estudios de vegetacién, es importante identificar primero cuales componentes de una u otra
cobertura vegetal son de nuestro interés (e.g. hojas, ramas, fuste, raices, materia muerta, etc.).
Esto va a depender basicamente de los objetivos de investigacion. Asi por ejemplo, la mayoria
de los inventarios forestales utilizan metodologias para estimar la biomasa del fuste limpio (sin
corteza) de especies comerciales con un didmetro a la altura del pecho (DAP)*' mayor a 10 cm
(e.g. IFN, 1994). Por otro lado, los trabajos que buscan evaluar el carbono almacenado en la
vegetacion, requieren de una cuantificaciéon completa de la biomasa en cada componente.
Dependiendo de la escala de analisis (i.e. precisién requerida), utilizan metodologias de
estimacion que contemplan la biomasa aérea y subterranea de cada especie vegetal presente
en cada cobertura de interés, junto a la biomasa (viva y muerta) del mantillo y el suelo (e.g.
Ponce-Hernandez, 2004). Evidentemente, no toda la biomasa de origen vegetal tiene un
potencial energético o combustible técnicamente aplicable o comercialmente favorable. En parte
por sus caracteristicas o estructura (e.g. raices o biomasa del mantillo), y en parte por usos
alternativos prioritarios a la generacién de energia (e.g. madera para aserrio de fustes limpios).
Creo pertinente enfocar esta primera parte del texto, de revision y sintesis, hacia aquellas
metodologias destinadas a la cuantificacion de la biomasa lefiosa aérea de arboles y arbustos
para diferentes tipos de coberturas vegetales, forestales y no-forestales?. Posteriormente voy a

% Como se menciond en la introduccion, se suele denominar habitualmente como “bio-combustibles” a sélo dos de
los bio-combustibles liquidos mas comunes: el bioetanol y el biodiesel.

%0 No existen atin en México plantaciones forestales energéticas.

¥ por convencién, corresponde al diametro del arbol medido a 1.30 mts de altura.

%2 para una definicién de bosque y clasificaciones relacionadas con diferentes coberturas vegetales del suelo, favor
de consultar Brown (1997) pag. 8, y FAO (2005) pags. 353-354.




194 Analisis multi-escalar de los patrones espaciales de oferta y demanda de lefia en México

resumir algunas de las metodologias para estimar biomasa muerta lefiosa, y finalmente voy a
explorar coémo utilizar la informacion generada por estas metodologias para estimar la biomasa
aprovechable como combustible, particularmente como lefia dentro de un patron de uso
tradicional.

A.l.1 Biomasa aérea

Se ha definido a la biomasa aérea de un arbol o arbusto como el total de materia

organica presente por encima del nivel del suelo incluyendo hojas, ramillas, ramas, fuste y
corteza (Brown, 1997). La densidad de biomasa lefiosa para un tipo de cobertura vegetal
corresponde al peso de la biomasa aérea presente en el conjunto de arboles y arbustos que
componen dicha cobertura, expresado en toneladas de materia seca® por unidad de area
(Brown, 1997). La biomasa aérea total para una regién o un pais es entonces el producto entre
la superficie de cada tipo de cobertura vegetal y su respectiva densidad de biomasa®.

A.l.1.1 Método destructivo

La metodologia mas precisa para estimar biomasa aérea se denomina "de medicién directa" 6
"destructiva" (Brown and Lugo, 1982; Cannell, 1982; FAO, 2005; Fearnside, 1987, 1988; Olson
et al., 1983; Reichle, 1981 )35. Consiste en seleccionar aletoriamente una muestra de arboles o
arbustos, por cada clase diamétrica, tomar las medidas de altura del fuste (H) y DAP, Y
finalmente pesar las diferentes partes mediante la tumba y el seccionado en fuste limpio,
corteza, ramas, ramillas y hojas (las ramillas y hojas suelen pesarse juntas). Se utiliza para la
caracterizacion vegetal lefiosa de un area de estudio en particular, sin embargo, presenta serias
limitaciones cuando se busca extrapolar los datos para cubrir regiones mucho mas extensas
que el area de muestreo (e.g. Fearnside, 1987, 1988). Es decir, esta metodologia es util para
estudiar una cobertura vegetal lefiosa sobre un area de estudio especifica, pero no es confiable
para hacer inferencias sobre otras poblaciones, aunque pertenezcan a la misma categoria o tipo
de cobertura (Brown et al., 1989; Brown and Lugo, 1992). La limitante principal para extrapolar y
escalar la informacion es que tanto el numero de parcelas de muestreo (i.e. plots) como el
numero de arboles muestreados por parcela son siempre muy pocos para ser representativos
de areas extensas (Brown and Lugo, 1992). Otra limitante es que al ser estudios tan puntuales,
no se incorpora la heterogeneidad espacial inherente a una macro-region, la cual esta
determinada por factores climaticos, edaficos, topograficos, de historia de uso del suelo, de
edad y estructura de la cobertura, entre otros (Brown, 1996). En otras palabras, cuando
consideramos un pais o una macro-region, los distintos estudios de medicion directa realizados
sobre una cobertura vegetal especifica (e.g. selva tropical lluviosa), no estan distribuidos
aleatoriamente. Los sitios de estudio son seleccionados segun objetivos diferentes a la mera
estimacion de la biomasa aérea (e.g. potencial para la produccion de carbén vegetal en una
localidad rural, a partir de los bosques circundantes).

Una metodologia alternativa para superar estas limitantes es el uso de informacion primaria
generada por los inventarios y sub-inventarios forestales nacionales. Estos recolectan una gran

33 Se considera un indice de humedad remanente a partir del secado en hornos (Brown, 1997; FAO, 2005).

* Los tipos o categorias de coberturas vegetales dependen directamente de la escala de analisis. En términos
generales, a mayor resolucion, se pueden definir mas categorias, o bien diferentes criterios de clasificacion. Por
ejemplo, en imagenes de alta resolucion se pueden llegar a incluir los arboles fuera del bosque e inclusive estimar su
densidad de biomasa (Anastasiou, 2006).

® Tuve la oportunidad de colaborar junto a E. Riegelhaupt y T. Arias en un muestreo destructivo para estimar
existencias en bosques de encinos del sur de Querétaro. El estudio forma parte de un analisis de viabilidad para el
aprovechamiento de la especie para hacer carbon vegetal. Enrique Riegelhaupt es consultor especializado en
foresteria de la FAO y cuenta con mas de 35 afios de experiencia en el tema. Ha trabajado muchos afios junto a
Teresa Arias en el uso tradicional de la lefia en México.
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cantidad de datos a partir de un disefio de muestreo representativo para los tipos de coberturas
arboreas mas importantes (i.e. bosques y selvas) a escalas sub-nacional o nacional (Brown,
1997; IFN, 1994; Palacio-Prieto et al., 2000).

A.1.1.2 Densidad de biomasa aérea a partir de informacién generada por inventarios forestales

Como informacion de base se utiliza el volumen inventariado de fuste limpio por ha. La ecuacioén
general para calcular la densidad de biomasa aérea 6B, en toneladas de materia seca por
hectarea (tMS/ha) es la siguiente (FAO, 2005):

oBA=V*d*FEB (AL1)

Donde V es el volumen del fuste limpio inventariado en m3/ha; 6 la densidad de la madera en
toneladas de biomasa secada en el horno (tMS) / m3 "verde" o unidades equivalentes (e.g.
gr/cm®); y FEB el factor de expansién de la biomasa: coeficiente para convertir la biomasa del
fuste limpio (sin corteza), en biomasa del fuste con corteza, mas ramas, ramillas y hojas.

El volumen del fuste limpio V se calcula como el producto entre la altura del fuste® y el area
basal (AB) o el diametro a la altura del pecho (DAP=1.30 mts). Se debe estimar el grosor de la
corteza.

La densidad se calcula mediante un promedio ponderado de la densidad por representatividad
de cada una de las especies presentes.

8 = Vept/V * Bep1 + VepalV * Spz + ...+ Vepn/V * Sepn (Al.2)

Donde Vs, es el volumen de cada una de las especies en m?, de la 1 alan; V el volumen total
en m® y dspx la densidad de cada especie en tMS/m?, de la 1 a la n. Sin embargo, la gran
mayoria de las veces no se cuenta con informacion sobre las densidades de cada especie.
Brown (1997) recomienda estimar una densidad promedio ponderada a partir de densidades
conocidas y completar los datos faltantes a partir de tablas que reportan medias aritméticas
para macro-regiones ecoldgicas (e.g. Reyes et al. (1992) para selvas tropicales de Africa,
América y Asia). El propio trabajo de Brown (1997) reporta densidades para 1180 especies
tropicales.

El factor de expansién de la biomasa FEB es la relacion entre la densidad de la biomasa aérea
total en tMS/ha, para arboles de mas de 10cm de DAP, Y la densidad de la biomasa aérea
inventariada (fustes limpios) en tMS/ha. Se han calculado FEBs para bosques de latifoliadas
(Brown, 1997) y coniferas (de Jong, 2001; Peters, 1977). A modo de ejemplo, presento una
ecuacion para estimar FEBs para bosques de latifoliadas tropicales (Brown et al., 1989; Brown
and Lugo, 1992).

FEB = gf*213-0506"InBAl harg 5B < 190 tMS/ha (Al3)
FEB = 1.74 para 8B, > 190 tMS/ha (Al.4)

Donde 6BA =V * & (ecuacion Al.1), en tMS/ha.

Existe un método alternativo para calcular el factor de expansion que se basa en datos de area
basal de los arboles y el numero de troncos por unidad de area. Este método es conocido

% La altura del fuste se calcula desde la base del arbol o punto de tocdn, hasta el punto de copa o donde se inserta
la primera rama principal. Existen excepciones morfolégicas, las cuales no voy a desarrollar porque creo que
exceden los objetivos del presente texto.
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como: diametro cuadratico de rodales o QSD por sus siglas en inglés (Masera and de Jong,
2000):

QSD = VyD%n = (AB/n) * (4/pi) (AL5)

Donde D es el diametro promedio de los fustes a la altura del pecho; AB el area basal promedio,
y n el nimero de troncos en el area de estudio. La ecuacion para calcular el factor de expansion
como una funcion de QSD es la siguiente:

BEF = gl®7671-1:83097InQSDI hara QSD < 30 cm (AL.6)
BEF = 1.75 para QSD > 30 cm (AL7)

La principal limitacion de esta metodologia es que muchos inventarios forestales toman en
cuenta solo las especies con valor comercial (e.g. IFN, 1994), las cuales no son necesariamente
representativas de las especies preferidas como fuente de lefia®’. Asi mismo, no se tienen en
cuenta arboles con un DAP menor a 10, 30 Y hasta 50 cm (Segura and Venegas, 1999);
diametros muchas veces preferidos para la obtencion de lefia doméstica (Masera, 1994).

A.l.1.3 Ecuaciones de regresion a partir de informacién de campo

Esta metodologia consiste en la aplicacidn de ecuaciones de regresién a tablas de volumenes o
a datos obtenidos directamente en el campo cuando la informacion de los inventarios es
insuficiente (ver limitantes de los inventarios forestales como fuentes de informacion primaria).
Las ecuaciones de regresion han sido desarrolladas con el objetivo de poder relacionar la
biomasa lefiosa aérea con datos faciles de obtener en el campo tales como la altura de los
arboles (H), el diametro a la altura del pecho (DAP), el diametro a la altura de tocon, la altura, el
ancho y la cobertura de copas (Ayala, 1998; Brown, 1997; Brown et al., 1989; Easmus et al.,
2000; Masera and de Jong, 2000; Ponce-Hernandez, 2004). Para generar este tipo de
ecuaciones se utiliza informacion generada por el método destructivo, obtenida de la mayor
cantidad de estudios de caso disponibles (Ponce-Hernandez, 2004), procurando ajustar
diferentes ecuaciones para diferentes condiciones ecoldgicas y de tipos de cobertura arbdrea o
arbustiva. El trabajo realizado por Brown, Gillespie y Lugo (1989) y Brown (1997) sobre la
estimacion de biomasa area de bosques tropicales utilizando ecuaciones de regresion es un
ejemplo clave en el uso y aplicacién de esta metodologia. La eleccién de la/s ecuacién/es a
utilizar debe hacerse con cuidado, prestando atencién a las condiciones locales de elevacion,
humedad y temperatura (Brown, 1997). Es recomendable, siempre que sea posible, el derribo
de algunos pocos arboles para medir el ajuste de las ecuaciones seleccionadas sobre las
condiciones locales del bosque (Brown, 1997).

Las ecuaciones de regresion proveen estimativos de biomasa por arbol o arbusto en tMS o
kgMS segun clases diamétricas. Se pueden extrapolar los datos a tMS por unidad de superficie
multiplicando por el numero de arboles en cada clase diamétrica sobre una superficie
determinada (densidad), y sumando luego los valores de todas las clases. Esta metodologia
resulta util para estimar biomasa aérea de areas no forestales, sin embargo, los arboles fuera
del bosque pueden presentar patrones de ramificacion diferentes a los de un bosque, por lo
tanto, las ecuaciones para bosques cerrados no son del todo recomendables para utilizarse en
bosques abiertos o en arboles fuera del bosque. Se recomienda ajustar con datos locales de
peso medidos directamente (Brown, 1997).

ST En mi proyecto de tesis para aplicar a la candidatura, presenté un anexo con una lista de especies preferidas para
lefia en México, basado en una amplia revision bibliografica. Me remito a ese texto como referencia a este parrafo.
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Presento aqui, a modo de ejemplo, dos grupos de ecuaciones: uno para bosques tropicales
(Brown, 1997; Brown et al., 1989) y otro para bosques templados de México (Ayala, 1998).

A.l.1.4 Ecuaciones para bosques tropicales

y = gl1996+2:327 INDAP] (Se aplica para DAP entre 5y 40 cm) (AL7)
y = 1QF0:535 + 0-966 7 logAB] (Se aplica para DAP entre 3y 30 cm) (A1.8)
y =42.69-12.800 * DAP + 1.242 * DAp2 (Se aplica para DAP entre 5y 148 cm) (AL9)
y = gl2134 +2.5307 InDAF] (Se aplica para DAP entre 5y 148 cm) (A1.10)

y =21.297 -6.953 * DAP + 0.740 * DAp2 (Se aplica para DAP entre 4 y 112 cm) (ALL11)

Donde Y es la biomasa del arbol expresada en kg de biomasa secada en horno; DAP es el
diametro a la altura del pecho en cm; AB el area basal en cm2. La ecuaciéon 1.6.1 se
recomienda para zonas secas, con una precipitacién mayor a 900mm/afo (Brown et al., 1989).
La ecuacion 1.6.2 se recomienda para zonas secas, con una precipitacion menor a 900mm/afo
(Martinez-Yrizar et al., 1992 cit. en Brown, (1997)). Las ecuaciénes 1.6.3y 1.6.4 se
recomiendan para zonas humedas, con una precipitacion entre 1,400 y 4000 mm/afo (Brown et
al., 1989). La ecuacién1.6.5 se recomienda para zonas lluviosas, con una precipitacién mayor a
4000 mm/afio (Brown e Iverson, 1992 cit. en Brown (1997)).

A.l.1.5 Ecuaciones para bosques templados de México (Ayala, 1998)

Pinos:

Pf = 0.06 (DAP? AF)%%% (Al.12)
Pc = 0.044 (DAP? AC)%*" (A1.13)
Pt = 0.084 DAP*4"® (Al.14)
Encinos:

Pf = 0.197 (DAP? AF)%%' (Al.15)
Pc = 0.128 (DAP? AC)%% (Al.16)
Pt = 0.283 (DAP? A)*%” (A1.17)

Donde Pf es la biomasa del fuste expresada en kg de biomasa secada en horno; Pc la biomasa
de la copa; Pt la biomasa total; DAP es el diametro a la altura del pecho en cm; A, AF y AC es la
altura total, del fuste y de la copa en cm respectivamente.

A.l.1.6 Resumen de las tres metodologias descriptas
En la siguiente tabla comparo las metodologias recién expuestas segun tres caracteristicas: la

escala de aplicacion, la informacion de base necesaria para aplicar las metodologias, y la
precision relativa esperada de los resultados.
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Tabla Al.1. Resumen de tres metodologias para estimar biomasa lefiosa aérea.

Metodologia Escala Informacién de base necesaria Precision de los
resultados
Destructiva Local Peso medido directamente en Alta
campo
Ecuacion general Regional Volumen inventariado del fuste Baja (depende de la
limpio(inventarios forestales), 8,y  informacién de base y
Nacional FEB del ajuste de BEF)
Ecuaciones de Local Datos de campo (H,DAP) Media (depende del
regresion ajuste de las
ecuaciones)
Regional Tablas de volumen (H, DAP) Media (depende de la
(inventarios forestales) informacioén de base y
Nacional del ajuste de las
ecuaciones).

A.l.2 Biomasa muerta

La biomasa muerta comprende toda aquella materia organica inerte que se encuentra sobre el
suelo de bosques y otras coberturas vegetales (Navarrete, 2005). Aunque la importancia de la
biomasa muerta en los procesos ecosistémicos ha sido ampliamente reportada (Ver Navarrete
2005 para una revision exhaustiva de trabajos publicados), no hay muchos trabajos que
describan metodologias para la cuantificacion de existencias (Harmon and Sexton, 1996).
Habitualmente, la biomasa muerta se clasifica en dos categorias®®: fina (hojas, frutas, flores,
ramillas, corteza, y ramas de menos de 10 cm de diametro), y gruesa (arboles muertos, tocones
muertos y ramas de mas de 10 cm de diametro) (Brown, 1974; Fosburg, 1971; Harmon and
Sexton, 1996). Una segunda clasificacion para la biomasa muerta gruesa se basa en el estado
de descomposicién de la madera (a diferencia de la fina, ésta es siempre lefiosa): fresco,
intermedio y podrido, o bien, fresco y podrido (Brown and Delaney, 2000; Fosburg, 1971;
Harmon and Sexton, 1996).

A diferencia de la biomasa aérea, resulta sumamente dificil estimar densidad de biomasa
muerta mediante métodos indirectos, lo que plantea un serio problema metodoldgico para
abordar las escalas regional y nacional. Esto es debido a que la cantidad de biomasa muerta
varia drasticamente de un lugar a otro (Brown, 1997; Harmon and Sexton, 1996). Se ha
estimado que en bosques tropicales la materia muerta varia de menos del 10% de la biomasa
aérea a mas del 40%, (Saldarriaga et al., 1986, cit. en Brown (1997); Uhl et al., 1988, cit. en
Brown (1997); Uhl and Kauffman, 1990, cit. en Brown (1997)1997; Delaney et al., 1997, cit. en
Brown (1997)). Por regla general, sin embargo, se esperan altas densidades de biomasa muerta
en bosques recientemente disturbados y maduros, y bajas densidades en bosques jovenes (i.e.
la cantidad de biomasa muerta depende del estadio de sucesion del bosque) (Harmon and
Sexton, 1996). En términos de entradas y salidas, la biomasa muerta en un momento dado es
igual a la tasa de decaimiento menos la tasa de descomposicion. Se considera que superado un
limite de descomposicion o putrefaccion, deja de llamarse biomasa muerta para formar parte de
la materia organica del mantillo y posteriormente del suelo. Sin embargo, las metodologias que

% Harmon y colaboradores se encuentran actualmente trabajando para generar una terminologia comun y de amplia
aceptacion para la biomasa muerta y las metodologias asociadas de muestreo y estimacion. Este esfuerzo es
equivalente al desarrollado por M. Trossero en relacién a los combustibles de madera, y biocombustibles en general,
para la FAO (FAO, 2001b).
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e podido revisar para cuantificar biomasa muerta no son dinamicas, es decir, son
independientes de ambas tasas de cambio en el tiempo. Se busca cuantificar el volumen o el
peso de la biomasa muerta en un momento dado, suponiendo que las tasas de decaimiento y
descomposicién estan en equilibrio.

Se han descrito dos metodologias para estimar biomasa muerta gruesa®: 1) parcelas de
muestreo y 2) transectos, cada una de estas con multiples variables de aplicacion (Brown, 1974;
Harmon and Sexton, 1996; Navarrete, 2005). Cuando se busca estimar la biomasa muerta
gruesa movil, es decir, los arboles muertos y las ramas de mas de 10 cm de diametro pero no
los tocones, el método mas recomendado es el de transectos (Harmon y Sexton, 1996).

A.1.2.1 Metodologia para estimar biomasa muerta gruesa movil

La ecuacion general es la siguiente (Van-Wagner, 1968; Warren and Olsen, 1964):

V=9.869 * . (d2/8L) (AL18)
Donde V es el volumen por unidad de area en m® m?, d es el diametro de la pieza

cortada por el transecto en m, y L la longitud del trayecto en m. Notar que no se requiere la
longitud de las piezas, sélo el diametro. Este se calcula como:

d= V(dmax * dmin) (A1.19)

Donde dnax Y dmin SON los diametros maximo y minimo respectivamente. La disposicion y el
numero de transectos varia con el disefio experimental. La figura 1 muestra un disefio de
muestreo a modo de ejemplo, el cual fue desarrollado para obtener muestras de biomasa
muerta gruesa (en la figura aparece como biomasa lefiosa muerta), de biomasa aérea (H y
DAP), de biomasa en mantillo y de biomasa en suelo (Navarrete, 2005).

Figura Al.1 Forma y disposicion de sitios de muestreo para biomasa muerta gruesa, biomasa
aerea, biomasa en mantillo y biomasa en suelo.

5
A B 30m
;I; ; T1m 2
L 3
30m
30m
(D) Circulo de 1000 m2, vegetacién = de 1.30m de altura
(Icirculo de 500 m2, Agricultura y pastizal.
[ mantilla y Suelo.
— Materia lefiosa muerta. 4 C
30m

Fuente: Navarrete, (1985).

* No voy a abordar las metodologias para biomasa muerta fina porque ésta no tiene potencial combustible, al menos
dentro de un patron de uso tradicional.
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Finalmente, para convertir el volumen en biomasa se multiplica por las densidades de la madera
reportadas en la literatura especifica, segun las tres categorias de descomposicion. Un ejemplo
de densidades de madera muerta segun 5 categorias de descomposicién se encuentra en
Harmon y Sexton (1996). La clasificacidon en categorias de descomposicion se basa en las
caracteristicas fisicas de la madera como la presencia de hojas, ramillas o corteza; la
resistencia al impacto con algun objeto estandar (e.g. machete); la facilidad para ser aplastada
o la desmenuzabilidad; y su color. Los indicadores bioldgicos como la cobertura por musgos y
hongos, o la presencia de galerias de insectos no son parametros validos de clasificacion
(Harmon and Sexton, 1996).

A.1.3 Componentes lefiosos de la biomasa aérea y muerta aprovechables como lefa

Los componentes de la biomasa aérea y muerta aprovechables como fuente de lefia doméstica
0 para uso a pequefa escala, son los fustes sin valor comercial explotable, las ramas con un
diametro minimo de 10 cm*’, la corteza (dependiendo de la especie), y la biomasa muerta
gruesa movil en estado fresco o intermedio. El método destructivo es la mejor fuente de
informacion de las existencias de fustes y ramas, pero como ya vimos, los resultados son de
indole local y no es conveniente utilizarlos para estimaciones a escalas regional y nacional. La
ecuacion general para calcular la densidad de biomasa aérea a partir del volumen inventariado
de fuste limpio por ha tiene la limitante de que los volimenes son generalmente de especies
comerciales, con DAPs mayores a 10 cm, y no existen FEBs para ramas, solo para el arbol
completo a partir de la biomasa del fuste limpio. Sin embargo, esta metodologia es una
aproximacion indirecta para estimar las existencias de biomasa aérea como fuente de lefia a
escalas nacional y regional. Por su parte, los trabajos que han desarrollado ecuaciones de
regresion originales (i.e. utilizando el método destructivo), suelen reportar el porcentaje de
biomasa en cada componente (e.g. Ross et al. (2001) para manglares de florida; Cannell (1985)
€s una revision sobre un gran niumero de ecosistemas forestales; y Arias (comm. pers.) para los
encinos del sur de Querétaro). Se puede utilizar este tipo de informacién, para cada tipo de
cobertura vegetal de interés, para afectar los resultados de densidad de biomasa. Por ejemplo,
Ross et al. (2001) reporta que el 66% de la biomasa aérea de los manglares de florida esta
formada por el fuste y las ramas de mas de 10 cm. Por otra parte, se reporta una media de
densidad de biomasa aérea total de 150 tMSjha para los manglares del golfo de México
(Saenger and Snedaker, 1993). Entonces, de éstas 150 tMSjha, el 66% (99 tMS/ha)
corresponde a la biomasa aprovechable como lefa.

0 A diametros menores, la lefia no suele forma brasa (independientemente de su densidad y contenido calorifico),
por ende se utiliza generalmente como combustible de ignicién, y no de mantenimiento.



201

ANEXO II: Propiedades combustibles de la madera

El presente anexo es una breve recopilacién bibliografica sobre los principios basicos de la
combustién de lefia en fogones tradicionales o estufas eficientes para producir fuego y calor
como fuentes de energia para cocer alimentos, calentar agua o para calefaccion. Se
recomienda al lector consultar la literatura especializada para profundizar en los diferentes
temas tratados en el presente anexo.

A.ll.1 Definicion de lefa a los fines de la presente tesis

Para los fines de la presente tesis he definido a la lefia como toda aquella madera que conserva
su estructura original y cuya combustion intencional puede aprovecharse como fuente directa de
energia.

A.ll.2 Composicion y propiedades de la madera
A.ll.2.1 Propiedades fisicas de la madera
A.l11.2.1.1 Forma, tamafio y aspecto

La forma de la lefia influye de manera importante en la combustion, de manera general se
puede decir que arde mas deprisa si el diametro no es grande, y que por lo contrario cuanto
mas gruesa es la lefa mas tardara en arder. Al tratarse la combustion de una reaccidén quimica
la superficie de contacto entre el combustible (lefia) y el comburente (aire) juega un papel
fundamental, la forma es importante, ya que dicha superficie depende directamente de ésta.

A.l11.2.1.2 Contenido de humedad

Desde el punto de vista del aprovechamiento energético de la lefa, la humedad es una de las
variables mas importantes pues influye en el poder calorifico de la lefa, determina la energia

que se puede obtener por medio de la combustion. Cuando se quema la biomasa, primero se
necesita evaporar el agua antes de que el calor esté disponible.

El contenido de humedad (H), o humedad relativa, representa la cantidad de agua contenida en
un combustible como un porcentaje del peso, puede expresarse de dos maneras, considerando
una base seca “bs” o una base humeda “bh”. El contenido de humedad en base seca (Hys) esta
expresado por:

Hyom B -F |, 100 = | 2250 del agua en el combustible (AIL1)
P peso seco del combustible

N

El contenido de humedad en base humeda (H,;), se da mediante la relacion:

Hyp= b -F 1, 100 = | 2es0 del agua en el combustible (All.2)
P, peso total del combustible

Donde P;, es el peso de la lefia humeda y Ps es el peso de esa misma lefia después de haber
sido secada en una estufa hasta haber perdido toda su humedad. De tal forma que:
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Hen= M Yy Hps= M (All.3, All.4)

1-H,, 1-H,,

Cuanto mayor es la humedad menor es el poder calorifico, esto se debe a que cuanto mas
humedad contenga la lefia menor materia seca por unidad de masa se tendra disponible, y por
tanto menor calor suministrado. Por otro lado, cuanto mas humedad se tenga, mas cantidad de
agua habra que evaporar, lo cual consume energia, por lo que la reaccion de combustion
invierte parte del calor producido en evaporar esa agua. La Figura 3 muestra la variacion del
valor calorifico para diferentes cifras del contenido de humedad (Leach and Gowen, 1987).

Figura All.1. Valor calorifico en funcion de la humedad relativa.

Valor caldrico
(MJfka)
204
15 Bruto
Neto
107
5+
T 1 L T 1
Base hdmeda 10 . 20 30 40 .50
T T T T L 1
Base seca 10 20 40 60 B0 100
Humedad relativa (%)

Notas: El Valor cal6rico Bruto varia con relacion al Valor calérico Neto ya que no considera la energia necesaria para
la evaporacion del agua contenida en el combustible y ni la energia requerida para la formacién de vapor de agua a
partir del hidrégeno

En la practica, para utilizarla como combustible, es necesario “secarla” a un nivel cercano al
equilibrio con el ambiente, que en general se encuentra entre 7 y 15% de humedad.

A.11.2.1.3 Superficie especifica

La superficie sobre la cual se lleva a cabo la reaccion de la combustién esta en funcién, ademas
de la forma y del tamano, de las rugosidades, nudos y otras alteraciones de la lefia, cuanto
mayor y mas homogénea sea una superficie especifica la combustiéon sera mas rapida.

La combustion se facilita si la lefia esta bien seca, si hay abundante aire, si la corteza no es
muy gruesa y si la superficie de contacto es suficiente. La superficie especifica puede
modificarse, o aumentarse, rompiendo o trozando la lefa, de este modo se consigue mayor
superficie de contacto y mayor superficie para la evaporacion del agua, haciendo que la lefia
combustione mejor.

A.ll.2.2 Composicion quimica de la madera

A.ll.2.2.1 Composicién elemental

La composicién quimica elemental de la lefia (y la madera en general) consiste principalmente
en carbono (49.5%), oxigeno (44.5%) e hidrégeno (6%), y en menor medida, nitrégeno (0.2-
0.4%) y azufre (Baldwin, 1986). La férmula empirica de la madera es C41H1400.66.
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La composicidon quimica elemental influye en el poder calorifico, en los gases emitidos durante
la combustion y en la composicion quimica de las cenizas. De tal forma que al tener poco
contenido de azufre, a diferencia de otros 6rganos del arbol (hojas, flores o frutos), la
combustién de la madera produce poco diéxido de azufre, por lo que, desde este punto de vista,
es poco contaminante; lo mismo sucede con el nitrégeno al producir pocos 6xidos de nitrégeno.

A.ll.2.2.2 Composicién por compuestos

Los compuestos elementales recién descriptos se presentan en la madera como polimeros
complejos (RWEDP, 1993a):

Celulosa (C6H1005)X 40-50%
Hemicelulosa (CsHsOs)y 15-25%
Lignina (CgH1003(CH3O)0_9.1_7)Z 20-30%

Las proporciones de cada polimero varian considerablemente dependiendo de la especie de
lefia.

La celulosa es un polimero lineal con una masa molecular superior a 100,000. Por su parte, la
hemicelulosa no es un compuesto concreto, sino que bajo este término se engloba un conjunto
de compuestos polimerizados de masa molecular inferior a 30,000. La lignina es el agente de
unién de las fibras de celulosa (Camps and Marcos, 2002).

La composicion quimica por compuestos, influye en los gases emitidos en la combustién y en la
composicion de las cenizas.

A.ll.2.2.3 Poder calorifico

El poder calorifico se refiere a la cantidad de energia que desprende la unidad de masa de un
combustible cuando éste se quema. Se mide en unidades de energia por unidad de masa
(cal/g, J/g, etc.).

El poder calorifico de la lefia depende del contenido de humedad y de sus tres principales
constituyentes, La lignina tiene el valor mas alto (26.63 MJ/kg), mientras que la celulosa y la
hemicelulosa tienen un valor de 17.46 MJ/kg, por lo que este valor varia de una especie a otra
dependiendo del porcentaje de cada componente. La proporcion de oxigeno e hidrégeno en la
celulosa es similar a la de una molécula de agua, por lo que no existe contribucion del
hidrogeno para un mayor poder calorifico ya que éste depende del carbén y de otros
compuestos resinosos de alto poder calorifico (RWEDP, 1993a).

Para madera completamente seca, la cantidad de energia por unidad de peso es mas o menos
igual para todas las especies, con un promedio de valor calorifico bruto de 20 MJ/kg para
madera de tronco. Los valores pueden variar ligeramente de este promedio, segun el contenido
de ceniza: para ramas pequefias, tienden a ser mas bajos y mas variables. Sin embargo, en la
practica, la humedad relativa es el factor mas importante que determina el poder calorifico.

Comunmente se utilizan dos tipos(Camps and Marcos, 2002):
Poder Calorifico Superior (PCs): También es llamado calor de combustion superior e indica la

relacion entre la energia total liberada por la combustién y el peso del combustible, en este caso
el agua de combustion es recogida en forma liquida.
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Poder Calorifico Inferior (PC)): Representa la cantidad efectiva de energia generada por la
combustion, después de considerar energia utilizada para la evaporacién de agua libre y
combinada. Indica el calor desprendido por un kg de combustible, en una combustion en la que
el agua del combustible se libera en forma de vapor

El PC, es menor que el PCs porque no incluye i) la energia necesaria para la evaporacién del
agua contenida en el combustible vy ii) la energia requerida para la formacién de vapor de agua
a partir del hidrogeno; por lo tanto, la diferencia entre el PCs y el PC, depende principalmente
del contenido de humedad y de hidrégeno en el combustible. El poder calorifico de la madera,
expresado en base seca, varia en una proporcién muy pequeina, dependiendo, como ya se
comentd, del contenido de humedad; el poder calorifico superior o bruto y el poder calorifico
inferior o neto se expresan mediante las siguientes relaciones:

PC = (1-1.12H,,)* Ho y PCs = (1- H,,)* Ho (AlL5, All6)

Donde, Ho = Entalpia de la madera en base seca; PCs = Poder calorifico superior; PC,= Poder
calorifico inferior; y Hyy, = Contenido de humedad de la madera en base humeda

La dependencia encargada de la elaboracién del Balance Nacional de Energia (SEMIP y
SENER actualmente) utiliza el poder calorifico superior (PCs) de los combustibles. Estas
dependencias han utilizado diferentes PCs de la lefa, a partir de 1965 y hasta 1993 se le asigné
un valor de 4,400 kcal/kg (18.42 MJ/kg); posteriormente se usé un PCs de 3,460 kcal/kg (14.48
MJ/kg). Finalmente, en 1997 la Secretaria de Energia de México (SENER) efectuo una
correccion a toda la serie (1965-1997) en la que empled un PCs igual a 14.44 MJ/kg.

El poder calorifico de la madera secada en horno difiere poco para distintas especies de
arboles. Normalmente se asume una entalpia para la madera secada en horno, igual a Ho = 20
MJ/kg (Almeida, 1990; Masera, 1993) y se utiliza el PCs de la madera por ser el valor que se
utiliza en el BNE para poder comparar los resultados. Considerando la humedad promedio
nacional igual a 22% en base humeda, al aplicar la ecuaciéon para PCs, se obtiene un PCq
promedio nacional igual a 16 MJ/kg de lefa (Diaz, 2000).

A.ll.2.3 Caracteristicas fisico-quimicas

A.ll.2.3.1 Variables de combustibilidad

Las variables de combustibilidad mas importantes son el coeficiente de conductividad térmica y
las que se refieren a las temperaturas y tiempos de inicio de combustion, de inflamacion,
temperatura de llama, etc. (Camps and Marcos, 2002).

Se denomina coeficiente de conductividad térmica a una variable termodinamica que mide la
rapidez de transmisién de calor por conduccién. Por su parte, el tiempo de combustion es el
tiempo que tarda en comenzar la combustion de un combustible mientras que la temperatura de
combustion es aquella a la que un combustible comienza su combustion, ambas variables
dependen de la naturaleza del combustible (composicién quimica, superficie especifica,
coeficiente de conductividad térmica, etc.).

El tiempo de inflamacion se refiere al tiempo que tarda un combustible en emitir una llama, lo
cual sucede a la temperatura de inflamacion. El comienzo de la combustion y el tiempo en
alcanzar la temperatura maxima de llama estan influenciados por el contenido de humedad de
la lefia, una vez que se ha evaporado el agua contenida es cuando comienzan a escapar
vapores combustibles que finalmente forman la llama. En la Tabla 1 se presenta un esquema
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simplificado del modelo de combustién de la lefia, en funcion de la temperatura de
carbonizacion de la misma (Camps and Marcos, 2002).

Tabla All.1. Modelo simplificado de la combustion de la lefia.

Tem(pfé‘;‘t”ra 0-100 100-(190-210) |  (190-210)-280 280-500 >500
Materia Materia sélida Materia sélida y
o Materia sélida | Gases inflamables carbonosa .
Producto sélida no Carbodn
Vapor de agua mezclados con Gases
carbonosa .
vapor de agua inflamables
Tipo
energético | Endotérmica | Endotérmica Endotérmica Exotérmica Exotérmica
de reaccién

Fuente: Berrueta (2007) .

En general las maderas mas densas tienen un coeficiente de conductividad térmica mas
elevado, sin embargo al quemarse se produce un residuo sélido carbonoso cuyo coeficiente de
conductividad térmica es muy pequefo, cuando este residuo aumenta de espesor los tiempos
de combustién se hacen mas largos y la lefia ardera mas despacio manteniendo por mas
tiempo la combustion. Por esta razén, en muchas de las ocasiones, se prefiere la lefia de roble,
encino y eucalipto entre otras, frente a la de pino, ya que esta Ultima es menos densa.

La velocidad de combustion también se ve influenciada por materiales inflamables contenidos
en el interior de la lefia, tal es el caso de la resina. Este material arde mas rapido que la pared
celular de la lefa, razén por la cual, para otros usos se prefiere lefia mas resinosa (alfareria,
panaderia, etc.).

A.ll.2.3.2 Potencia calorifica

La potencia calorifica se refiere a la cantidad de calor desprendida por un combustible por
unidad de masa y unidad de tiempo (kJ/kg.s, kW.s, kcal/kg.s,). Al iniciar la combustion se
prefiere que la potencia calorifica sea grande para lograr encender la lumbre con rapidez, una
vez que esto sucede se desea que se mantenga constante.

La potencia calorifica esta en funcion de: a) el poder calorifico del combustible; b) la forma del
combustible (superficie especifica); c) la colocacion del combustible respecto al comburente
(aire), lo cual esta en relacion con la entrada de aire primario y secundario; d) el coeficiente de
conductividad térmica; y e) de la tecnologia de combustion, es decir el disefio de la camara
donde se realiza la combustion de la lefa, y del tiro de la chimenea.

A.11.3 Principios basicos de la combustion de la lefia

La combustion es una reaccion quimica en la que un elemento combustible se combina con otro
comburente, desprendiendo calor y produciendo un éxido; la combustién es una reaccion
exotérmica. Son necesarios cuatro elementos para que inicie y tenga continuidad un fuego: 1)
combustible (e.g. lefa); 2) Comburente: se define como comburente a toda mezcla de gases en
la cual el oxigeno esta en proporcion suficiente para que se produzca la combustién. Cuando el
combustible es la lefia utilizada en forma tradicional, el comburente es el aire, el cual contiene
aproximadamente un 21% de oxigeno; 3) energia de activacion (calor): para iniciar la
combustién de cualquier combustible, es necesario alcanzar una temperatura minima, llamada
temperatura de ignicién o punto de ignicién; y 4) reaccién en cadena.
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La combustion es un proceso complejo en el cual los procesos de volatilizacién,
descomposicion y de combustion ocurren casi simultaneamente. La cantidad de energia
liberada durante la reaccién de combustion depende de la temperatura, de la presion, de los
productos de la reaccién y del estado del agua producido. Estos dos ultimos factores son
importantes porque la combustién incompleta dara lugar a la produccion del monéxido de
carbono y de otros materiales combustibles, que dan lugar a la pérdida de energia potencial del
combustible. El estado del liquido o del vapor del agua, producido durante la combustion del
hidrogeno en el combustible, tendra efectos sobre el calor neto liberado.

Los productos la combustion de la pirolisis de la biomasa, en particular, carbén y volatiles,
ocurre en dos maneras, la combustién de los volatiles y la combustién del carbén.

La composicién de los volatiles es variable y depende de la temperatura de la pirdlisis y del
tiempo que estos volatiles se sujetan a una temperatura elevada. Asi, la combustién de volatiles
es un proceso complejo. Cuanto mas alta es la temperatura de la zona pirolitica, tanto mas
severo es la descomposicion de las moléculas mas grandes que en las mas pequefas, que
alternadamente se queman mas facilmente. El fuego de la lefia produce generalmente una
llama difusa. Esto consiste en un jet del gas inflamable con una reaccion de la combustién que
ocurre en el interfaz del aire-gas, dando por resultado la formacién de los productos gaseosos
calientes de la combustion y calentando el resto del gas. Los productos de la combustion son
luminosos debido a su alta temperatura dando por resultado una vertical que se eleva. Durante
la subida, estos productos también arrastran un poco de aire circundante.

Otro proceso, que ocurre simultaneamente, es la difusién del aire a causa de la diferencia en la
presion parcial de los componentes. Esta difusidn del aire en el material volatil sin quemar
modifica la temperatura en la combustion del material volatil. Si la temperatura de la zona de la
combustién no es suficientemente alta se forma el hollin y quedan compuestos quimicos sin
quemar. La temperatura puede bajar debajo de la temperatura de ignicidon debido al efecto del
aire arrastrado o al contacto de la llama con una superficie fria.

Cuando la combustion ocurre en la superficie, el didxido de carbono se forma con la liberacién
del calor. Sin embargo, si la reaccion de la combustiéon ocurre en la cama del combustible o0 en
el carbén a temperatura alta, entonces el didéxido del carbono se reduce a mondxido de
carbono. Para evitar esto, se debe quemar con aire secundario para lograr producir Unicamente
diéxido de carbono y calor. Si no, dara lugar a la pérdida de calor potencial asi como a
emisiones contaminantes.

Durante la combustion a temperaturas de 250°C o superiores, el 80% de la masa de la lefia se
evapora en una mezcla de gases flamables, conocidos como volatiles, la liberacidon de este
proceso se denomina pirdlisis. Los residuos remanentes quedan en forma de carbén o de
cenizas.

Cuando la temperatura es suficientemente alta y se cuenta con la cantidad necesaria de
oxigeno los subproductos que se obtienen son agua y diéxido de carbono, pero si alguna de
esas dos condiciones no se cumple la combustién es incompleta se sabe que, ademas de CO2,
se emiten particulas, hidrocarburos aromaticos policiclicos, 6xido nitroso, éxido de azufre y
monoxido de carbono (CO), todos con efectos adversos a la salud.

En resumen se podria simplificar el proceso de la siguiente manera:
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Si un pedazo de lefia se calienta hasta cerca de los 100°C, el agua que contiene hierve y se
evapora o se va a las partes mas frias del lefio y escurre por la punta que esta mas lejos del
fuego.

Cerca de los 200°C comienza la descomposicion de la hemicelulosa, seguida por la celulosa.

A los 300°C la descomposicion se hace extensiva. Alrededor del 8-15% de los compuestos
permanecen como carbon fijo, el resto es liberado como gases volatiles. Ademas, 50% de la
lignina permanece como carbodn. Los volatiles producidos por esta descomposicién escapan
como humo o se recondensan.

Cuando los gases se escapan se mezclan con oxigeno y se queman alrededor de los 550°C y
producen una llama amarilla. El 14% de la energia total de la combustidén es producto del calor
radiante de la llama.

La temperatura de los gases sobre la lefia es tipicamente de 1,100°C y esta limitada por la
pérdida de calor radiante y por la mezcla con aire frio del ambiente. Cuando los volatiles suben
reaccionan formando hollin y humo y simultaneamente se queman al mezclarse con el oxigeno.
La lefia se quema en capas y cuando todo el carbén se ha quemado se producen las cenizas.
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ANEXO llI: Sistemas de Coordenadas utilizados
A.lll.1 Sistemas de Coordenadas Geograficos

Un sistema de coordenadas es un conjunto de valores que permiten definir, a partir de un punto
denominado origen, la posicidn de cualquier punto en el espacio y establecer su relacién con
otros puntos. Para definir un sistema coordenado sera indispensable establecer el sistema de
referencia, el cual es el conjunto de ejes, puntos o planos que convergen en el origen y a partir
de los cuales se calculan las coordenadas.

Un sistema de coordenadas geogréfico (SCG) utiliza una superficie esférica tridimensional para
definir puntos sobre la tierra. Un SCG incluye una unidad de medida angular, un meridiano de
origen y un datum (basado en un esferoide). La ubicacion de un punto sobre la superficie
terrestre se describe mediante un valor de longitud y de latitud. Ambos son valores angulares
medidos desde el centro de la tierra hacia un punto en la superficie terrestre. Usualmente se
utiliza el grado como unidad de medida angular (Figura Ill.1).

Si se considera a la tierra como una esfera, las lineas horizontales o paralelos son lineas de
igual latitud, mientras que las lineas verticales o meridianos son lineas de igual longitud. Dos
circulos maximos dividen la tierra en partes iguales: el primero denominado ecuador, que corre
de este a oeste y es equidistante a los polos, y el segundo que va del polo norte al polo sur,
llamado meridiano de origen (usualmente el meridiano de Greenwich). De esta forma la
ubicacion de un punto se obtiene definiendo su distancia al norte o sur del ecuador (0°), y al
este u oeste del meridiano de origen (0°).

Figura Alll.1. Valores de longitud y latitud sobre una representacion esférica del mundo.

Fuente: (Kennedy and Kopp, 2000).

Aunque los valores de longitud y latitud pueden localizar posiciones sobre la superficie de la
tierra con exactitud, no son unidades uniformes de medida. Sélo sobre el ecuador, la distancia
representada por un grado de longitud es practicamente igual a la distancia representada por un
grado de latitud. Esto se debe a que el ecuador es el unico paralelo con el mismo perimetro que
los meridianos (el ecuador y todos los meridianos se denominan grandes circulos). Hacia el
norte y sur del ecuador, los paralelos se hacen gradualmente mas pequenos hasta
transformarse en un punto sobre los polos norte y sur, donde convergen los meridianos. A
medida que los meridianos convergen en los polos, la distancia representada por un grado de
longitud decrece hasta cero. Por ejemplo, en el esferoide de Clarke 1866, un grado en el
ecuador equivale a 111.321 km, mientras que a 60° de latitud equivale a 55.802 km. Desde que
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los grados de latitud vy los de longitud NO tienen una medida estandar o uniforme, NO es posible
medir o representar distancias o areas de manera precisa sobre un plano o un monitor de

computadora.

La forma y el tamafio de la tierra en un sistema de coordenadas geografico se define segun una
esfera (la cual se construye a partir de un circulo) o un esferoide (el cual se construye a partir
de una elipse). Asumir a la tierra como una esfera es sensato para mapas a pequena escala
(menores que 1:5,000,000). Sin embargo, para escalas mayores (1:1,000,000 o mayores) se
debe representar a la tierra como un esferoide. Entre ambas escalas, la eleccion depende de la
informacion a representar y la precision de los datos de entrada.

Varios esferoides se utilizan para representar a la tierra. Generalmente, se escoge un esferoide
especifico para cada region o pais en particular. Para América del Norte por ejemplo, se suele
representar a la tierra segun el esferoide determinado por Clarke en 1866, cuyos valor de semi-
eje mayor (distancia entre el centro de la tierra y cualquier punto del ecuador) es de 6,378,206.4
metros, y el semi-eje menor (distancia entre el centro de la tierra y el polo norte o sur) es de
6,356,583.8 metros.

Tecnologia satelital moderna ha permitido corroborar que la tierra no es un elipsoide perfecto,
sino un cuerpo irregular con variadas desviaciones elipticas (el polo sur esta mas cerca del
ecuador que el polo norte por ejemplo). El esferoide actual mas preciso para América del Norte
es el Sistema de Referencia Geodésico (Geodetic Reference System -GRS 1980-) cuyos semi-
eje mayor y menor son igual a 6,378,137.0 y 6,356,752.31414 metros respectivamente.

Mientras que los esferoides se aproximan a la forma de la tierra, el datum define la posicion del
esferoide relativo al centro de la tierra. El datum provee un marco de referencia para localizar
puntos sobre la superficie terrestre. El datum define el origen y la orientacion de las lineas de
longitud y latitud. Los datum locales (e.g. North American Datum 1927 -NAD 27-) alinean el
esferoide para que coincida con la superficie de la tierra en algun punto particular, y a partir de
ese punto se calculan los otros puntos hasta cubrir una zona considerable del globo terrestre.
Por ejemplo, el datum NAD 27 tienen su punto de origen en un rancho en Kansas, pero se
ajusta a toda América del Norte considerablemente bien. Los datum geocéntricos, como por
ejemplo el Sistema Geodésico Global (World Geodetic System -WGS 84-), no se alinean con
punto alguno de la superficie terrestre, sino con el centro de la tierra, y sirven como marco de
referencia global. Los datum geoceéntricos son utilizados por los sistemas de posicionamiento
global GPS (Figura 111.2).

Figura Alll.2. Datum para uso local (NAD27) y global (WSG 84).

Local geographic
coordinate system

A

4

— Earth's surface Earth-centered geographic
—— Earth-centered (WGS84) datum ¥ coordinate system
- — - Local (NAD27) datum

Fuente: (Kennedy and Kopp, 2000).
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A.lll.2 Sistemas de Coordenadas Proyectados o Proyecciones Cartograficas

Un sistema de coordenadas proyectado o proyeccién cartografica se define sobre una superficie
plana bidimensional. A diferencia de un sistema de coordenadas geografico, tiene sus
distancias, angulos y areas constantes a lo largo y ancho de sus dos dimensiones. Un sistema
de coordenadas proyectado se calcula siempre a partir de un sistema de coordenadas
geografico basado en una esfera o esferoide. En un sistema de coordenadas proyectado los
puntos se ubican bajo el sistemas de coordenadas x,y.

La transformacién matematica por la cual un sistema de coordenadas geogréafico tridimensional
se convierte en una mapa bidimensional se denomina proyeccién. Una manera sencilla de
entender una proyeccion es visualizar a la tierra como una esfera transparente con los
meridianos y paralelos formando una estructura de alambre. Si se coloca una fuente de luz en
el centro de la tierra, la malla de alambre producira sombras sobre cualquier superficie que se le
acerque. Si se envuelve a la tierra con una hoja de papel formando un cilindro o un cono, las
sombras producidas por la malla de alambres (meridianos y paralelos) se proyectaran sobre el
papel. La proyeccién consiste en fijar éstas sombras como si fuera papel fotografico, para luego
descubrir la tierra y extender la hoja de papel sobre una superficie plana bidimensional (Figura
Alll.3). Cualquier tipo de proyeccion distorsiona las formas, areas, distancias 6 direccion
vectorial de la informacion contenida en la superficie tridimensional. Diferentes proyecciones
causan diferentes tipos de distorsion. Algunas minimizan una o dos caracteristicas en
detrimento de las otras; por ejemplo, puede minimizar la distorsion asociada al area en
detrimento de la forma.

Figura Alll.3. Los meridianos y paralelos de un sistema de coordenadas geografico se
proyectan sobre un superficie cilindrica como si fuesen sombras originadas por una luz en el
centro de la tierra.

|

Fuente: (Kennedy and Kopp, 2000).
A.lII.3 Proyeccion cartografica utilizada a nivel nacional

La descripcion de las diferentes proyecciones y sus metodologias de calculo excede por demas
el limite del presente anexo. Basta con mencionar que en México se ha utilizado con
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regularidad la proyeccién Cénica*' Conforme a Lambert, la cual es una de las mejores para
representar paises completos en latitudes medias, con un rango norte-sur no mayor a 30 o0 35
grados. El rango de latitud en México es de aproximadamente 18 grados (el punto mas al norte
en México es 32° 43" 06" latitud norte, en el Monumento 206, en la frontera con los Estados
Unidos de América; y el mas al sur es 14° 32" 27" latitud norte, en la desembocadura del rio
Suchiate, frontera con Guatemala).

Sin embargo, la proyeccion Cénica Conforme a Lambert representa las formas de manera mas
precisa que las areas. Durante los analisis conducidos en la presente Tesis a nivel nacional, el
calculo de areas es un procedimiento habitual, como se evidencia en el conjunto de ecuaciones
del capitulo lIl. Por lo tanto, se escogié la proyeccién Cénica de Area-Equivalente de Albers, la
cual es homodloga a la de Lambert pero preserva el area (i.e. coeficiente de deformacion
superficial nulo) distorsionando la forma, los angulos y la escala. Los meridianos y paralelos
pueden no intersectar en angulos rectos. Vale mencionar que distinguir una proyeccién de area
equivalente de una conforme no es nada sencillo a simple vista, al menos que se tomen ciertas
medidas sobre el mapa.

Para comprender cabalmente como diferentes proyecciones cartograficas minimizan la
distorsién de las diferentes caracteristicas (forma, angulos, areas y escala) se sugiere consultar
la literatura especializada. Un primer documento, de facil comprension para el publico general
es el de Kennedy and Kopp (2000).

Los datos de proyeccion utilizados en la representacion del territorio nacional Mexicano
(capitulos Il 'y Ill de la presente Tesis) son los siguientes:

Projected Coordinate System Geographic Coordinate System
Projection: Albers Equal Area Conic Angular Unit: Degree

Central Meridian: -102.0 (0.017453292519943299)

Standard Parallel 1: 17.5 Prime Meridian: Greenwich (0.0)
Standard Parallel 2: 29.5 Datum: North American Datum 1927
False Easting: 2,000,000.0 Spheroid: Clarke 1866

False Northing: 0.0
Latitude of Origin: 0.0
Linear Unit: Meter (1.0)

A.lll.4 Proyeccion cartografica utilizada a nivel sub-nacional

Se escogi6 la proyeccion Universal Transversa de Mercator (UTM). La proyeccién UTM fue
desarrollada por Lambert en 1772, y modificada por Gauss en 1822 y Kruger 1912 quienes la
definieron como se conoce en la actualidad. En ella se hace una proyeccién de la Tierra sobre
un cilindro tangente a los meridianos. Es ampliamente utilizada en México para la elaboracion
de cartas a escalas 1:250,000, 1:50,000 y mayores.

El globo terrestre se divide en 60 zonas norte y sur, cada una de 6 grados de longitud. Cada
zona tiene su propio meridiano central. Los limites de cada zona norte son los 84 grados de
latitud norte y el ecuador, los limites de cada zona sur son el ecuador y los 80 grados de latitud
sur. Para las regiones polares se utiliza el sistema de coordenadas Universal Polar
Estereografico. El origen de cada zona es su meridiano central y el ecuador. Para eliminar
coordenadas negativas, el sistema UTM altera los valores en su origen, asi el valor dado al

*! Se denominan proyecciones conica, cilindrica o plana, en funciéon de como se dobla la superficie de proyeccion
(i.e. la “hoja de papel” de la seccion A.lll.2) sobre la esfera terrestre.
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meridiano central en el falso este (500,000 metros), mientras que el valor asignado al ecuador
es el falso norte (0 metros para zonas norte y 10,000,000 metros para zonas sur).

Los datos de proyeccion utilizados en la representacion de areas de analisis a nivel sub-
nacional (capitulo IV de la presente Tesis) son los siguientes:

Projected Coordinate System Geographic Coordinate System
Projection: Transverse_Mercator (13N) Angular Unit: Degree
False_Easting: 500,000.0 (0.017453292519943299)
False_Northing: 0.0 Prime Meridian: Greenwich (0.0)
Central_Meridian: -105.0 Datum: North American Datum 1927
Scale_Factor: 0.99960 Spheroid: Clarke 1866

Latitude_Of Origin: 0.0
Linear Unit: Meter (1.0)

En la figura Alll.4 se puede ver que a México le corresponden las zonas 10 a 16. Cuando el
area de trabajo a nivel sub-nacional comprendié areas divididas entre 2 zonas UTM, se opté
simplemente por elegir una unica zona comun. Por ejemplo, la region Purhépecha en el estado
de Michoacan (capitulo IV) se divide entre las zonas 13N y 14N, cuyos meridianos centrales son
-105 y -99 respectivamente. Por convencion, se utilizé la zona 13N para toda la regién.

Figura Alll.4. Zonas y fajas UTM para México.
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Fuente: Guevara et al.(2006). Notas: Por convencion, cada una de las zonas se divide en fajas transversales de 4
grados de latitud, a México le corresponden las fajas D a |. Para establecer una referencia podemos considerar que
un grado equivale aproximadamente a 110 km.
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ANEXO |IV: Lista de estudios de caso sobre uso de leiia en México

La siguiente lista bibliografica es un primer esfuerzo de una compilaciéon exhaustiva de estudios
de caso sobre uso de lefia en México. Las referencias estan siendo incorporadas en una base
de datos georeferenciada que permitira superponer las localidades y areas de estudio de cada
trabajo con variables espaciales (e.g. numero y tipo de estudio por eco-region).

La base de datos georeferenciada, como cualquier otra base de datos no-espacial, va a servir
como una plataforma de consulta ya que para cada trabajo se cuenta con 1) variables que
reporta (e.g. consumo per capita, especies preferidas, tiempo destinado a la recoleccién, etc.),
2) tipo de trabajo (articulo, tesis, reporte, etc.), y 3) formato y disponibilidad de copias.

Mi intencién como autor de la base de datos es que sea de dominio publico y que reciba
actualizaciones, comentarios y correcciones permanentes de los que trabajamos en México con
el tema de la leha.

Durante el proximo ano (2009) se espera poder ampliar la base de datos con médulos
dedicados a la a) produccion y consumo de carbon vegetal en México, b) existencias y
productividad de biomasa (estudios de caso e inventarios), y c) disponibilidad de informacién
espacial para México (imagenes de satélite, clasificaciones, ortofotos, etc.).

A modo de ejemplo visual, la figura All.1 muestra la distribucién de 28 localidades donde se
recopild informacién sobre uso de lefia por el sector residencial. Los resultados fueron
publicados en 11 trabajos, ya incluidos en la base de datos. Se espera que la lista de
localidades contempladas en el total de estudios de caso conducidos en México sea demasiado
extensa para ser representada en un Unico mapa con cobertura nacional.

Figura AIV.1. Ubicacion de 28 localidades analizadas en 11 estudios de caso sobre uso de lefia
en México.
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A.IV.1 Estudios de caso sobre uso de lefia en México (incluye estudios etnobotanicos que
reportan informacion relevante sobre uso de lefa)

Almeida, R.S., 1990. Analisis calorimétrico de cinco especies vegetales que se utilizan como
lefia. Licenciatura Thesis. UNAM, México DF.

Alvarez, A., 1991. Evaluacién del consumo y comercializacion de lefia y carbdn en
Tlaquiltenango, Morelos. Licenciatura Thesis. UACh, Chapingo, México.

Arias, T., 1993. Manejo y consumo de lefia en un municipio rural de subsistencia: Alcozauca,
Guerrero. Licenciatura Thesis. UNAM, México DF.

Arias, T., 1995a. Manejo, consumo y disponibilidad de lefia en la region de la montafa de
Guerrero. Fundamentos metodolégicos de un diagndstico regional para la planificacion
de programas de abasto energético. Facultad de Ciencias, UNAM, México DF.

Arias, T., 1995b. San Nicolas Zoyatlan: el problema de la escasez de lefia en una comunidad
Nahuatl de la regidn de la Montafia de Guerrero. Facultad de Ciencias, UNAM, México
DF.

Arias, T., Padilla, P., Riegelhaupt, E., 1997. Consumo y flujos de lefia y otros combustibles en la
micro-region Tlapa de Comonfort, Guerrero. Technical Cooperation Project (TCP)
FAO/MEX/TCP/4553(A)Dendroenergia para el Desarrollo Rural. Food and Agriculture
Organization of the United Nations (FAQO), México DF.

Arias, T., Yllescas, P., Flores, J.R., 2000. Consumo y disponibilidad de lefa en tres micro-
regiones de Chiapas, Veracruz y Campeche. Diagnéstico correspondiente a Veracruz.
PROAFT AC (Programa de Accion Forestal), México DF.

Berrueta, V., 2007. Evaluacion energética del desempefio de dispositivos para la coccién con
lefiaThesis. UNAM, México DF.

Berrueta, V., Edwards, R., Masera, O., 2007. Energy performance of wood-burning cookstoves
in Michoacan, Mexico. Renewable Energy 33(5), 859-870.

Camacho, J.R., 1985. Estudio del uso del bosque para extracciéon de lefia, madera para
construccion de casas y fabricacién de herramientas en una comunidad Otomi, San
Andrés Timilpan, Estado de México. Licenciatura Thesis. UNAM, México DF.

Casas, A., Caballero, J., 1996. Traditional mangement and morphological variation in Leucaena
esculenta (Fabaceae: mimosoideae) in the mixtec region of Guerrero, Mexico. Economic
Botany 50(2), 167-181.

Casas, A., Valiente-Baunet, A., Viveros, J.L., Davila, P., Lira, R., Caballero, J., Cortés, L.,
Rodriguez, I., 2001. Plant resources of the Tehuacan Valley, Mexico. Economic Botany
55(1), 129-166.

Castillo, C.M., Ramirez, G.J.A., Aparicio, G.E. 1990. Marco de referencia preliminar sobre el uso
de lefia combustible en el altiplano potosino. In: Primera Reunién Nacional sobre
Dendroenergia. Division de Ciencias Forestales, UACh, Chapingo, México.

CECODES, 1987. Energizacion rural en las Mixtecas Oaxaquefas alta y baja. Centro de
Ecodesarrollo (CECODES AC), México DF.

Correa-Pérez, G., Uso de lefia y carbon vegetal como energético, magnitud de la deforestacion
y sustentabilidad. Incomplete Reference.

De Alba, E., Reyes, M.E., Valoracion econémica de los recursos biolodgicos del pais, Incomplete
Reference.

Del Amo-Rodriguez, S., 2002. La lefia: el energético rural en tres micro-regiones del sureste de
México. Plaza y Valdéz Editores, Mexico DF Incomplete Reference.

Diaz, R., 2000. Consumo de lefia en el sector residencial de Mexico: evolucion histérica y
emisiones de CO2. MsC Thesis. UNAM, Mexico DF.

Diaz, R., Masera, O. 1999. El consumo de lefia en México: principales implicaciones y
evolucion. In: XXIlI Semana Nacional de Energia Solar. ANES (Asociacién Nacional de
Energia Solar), Morelia, Michoacan.



Anexo V. Lista de estudios de caso sobre uso de lefia en México 217

Dutt, G., Navia, J., Sheinbaum, C., 1989. Cheranatzicurin: tecnologia apropiada para cocinar
con lefa. Ciencias 15, 43-47.

Echeverria-Ayala, Y., 2003. Aspectos etnobotanicos y ecolégicos de los recursos vegetales en
las comunidades mixtecas de San Pedro Nodoén y San Pedro Jocotipac, Oaxaca,
México. Licenciatura Thesis. UMSNH, Morelia, México.

Espejel, M.M., Santacruz, N., Sanchez, M., 1999. El uso de los encinos en la regién de La
Malinche, Estado de Tlaxcala, México. Boletin de la Sociedad Botanica de México 64,
35-39.

Evans, M., 1984. Aspectos socioeconomicos de la carencia de combustibles domésticos: un
estudio empirico del México rural. México, E.c.d., Cuadernos sobre prospectiva
energética No. 55. El colegio de México, México DF.

Flores, M.J., 1986. Comercializaciéon y consumo de lefia en el municipio de Jolalpan,
PueblaThesis. UACH Incomplete Reference.

Fonseca-Moreno, O. 2001. Del fogén a la reforestacién: el uso sustentable de la lefia en
cuencas hidrograficas. In: Xl Congreso Nacional de Irrigacién: Simposio 5. Manejo
Integral de Cuencas, Guanajuato, México.

Frausto, L.J.M., 1991. La lefa para produccién de energia: informacién sintética. Cinco estudios
de caso sobre el uso de dendroenergia en industrias rurales de México. SARH, F.
Oficina Regional de la FAO para América Latina y el Caribe, Santiago, Chile.

Garcia-Burgos, M.G., 2007. Caracterizacién del manejo de encinos y evaluacion de la
regeneracion vegetativa de una de las especies preferidas para lefia en la comunidad de
Ajuno, Patzcuaro, Michoacan, México. MsC Thesis. UNAM, Morelia, México.

Garcia-Pefa, E., 2001. Analisis de la informacion sobre productos forestales madereros en los
paises de América Latina: México. Informacion y analisis para el manejo forestal
sostenible: integrando esfuerzos nacionales e internacionales en 13 paises tropicales de
América Latina. FAO - UE, Santiago, Chile.

Ghilardi, A., 2008. Analisis multi-escalar de los patrones espaciales de oferta y demanda de
lefia para uso residencial en México PhD Thesis. UNAM, Morelia, México.

Ghilardi, A., Guerrero, G., Masera, O., 2007. Spatial analysis of residential fuelwood supply and
demand patterns in Mexico using the WISDOM approach. Biomass and Bioenergy 31,
475-491.

Ghilardi, A., Masera, O., 2008. Multi-scale analysis of residential fuelwood supply and demand
spatial patterns in Mexico. Journal of Environmental Management, under revision.

Ghilardi, A., Saldana, R., Riegelhaupt, E., 2006. Los recursos bioenergéticos en México in:
Masera, O. (Ed.), La bioenergia en México: un catalizador del desarrollo sustentable.
Red Mexicana de Bioenergia (REMBIO) / Comisién Nacional Forestal (CONAFOR) /
Mundi-Prensa Mexico, México DF.

GIRA, Uso de biomasa para preparacion de alimentos y calentamiento de hogares y su impacto
al ambiente y a la salud de la poblacién expuesta a los productos de la combustion.
Grupo Interdisciplinario de Tecnologia Rural Apropiada (GIRA AC), Patzcuaro, México
Incomplete Reference.

GIRA, 1991. Difusién de tecnologias apropiadas en la meseta purépecha. Reporte final para el
International Development and Research Centre (IDRC). Grupo interdisciplinario de
Tecnologia Rural Apropiada (GIRA AC), Uruapan, México.

GIRA, 2003. El uso de biomasa como fuente de energia en los hogares, efectos en el ambiente
y la salud, y posibles soluciones. Grupo Interdisciplinario de Tecnologia Rural Apropiada
(GIRA AC), Patzcuaro, México.

Gonzalez-Martinez, A.C., 2007 La extraccion y consumo de biomasa en México (1970-2003):
integrando la lefia en la contabilidad de flujos de materiales. Revista Iberoamericana de
Economia Ecolégica 6, 1-16.
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Gordon, J.E., Barrance, A.J., Schreckenberg, K., 2003. Are rare species useful species?
Obstacles to the conservation of tree diversity in the dry forest zone agro-ecosystems of
Mesoamerica. Global Ecology & Biogeography 12, 13-19.

Guzman, O., Yunez-Naude, A., Wionczek, M.S., 1985. Uso eficiente y conservacionde la
energia en México: diagndstico y perspectivas. El Colegio de México, México DF.

Guzman, O., Yunez-Naude, A., Wionczek, M.S., 1987. Energy Efficiency and Conservation in
Mexico. Westview Press, Boulder, US.

Haeckel, 1., 2006. Firewood use, supply, and harvesting impact in cloud forests of central
Veracruz, Mexico. Bachelor degree Thesis. Columbia University, New York Incomplete
Reference.

IIE, 1983. Evaluation of Energy Supply and Demand in Four Rural Communities. Division de
Fuentes de Energia, Departamento de Fuentes No Convencionales, Instituto de
Investigaciones Eléctricas, Cuernavaca, México Incomplete Reference.

IIE, 1984. Resumen de estudios de caso. 1IE/10/14/3780/1-15/P. Divisién Fuentes de Energia,
Departamento de Fuentes no Convencionales, Instituto de Investigaciones Eléctricas
(lIE), Cuernavaca, México.

IIE, 1986. Estructura del consumo energético rural en las tres regiones de la macro regién sur.
IIE/10/14/2051/1-02/A1/F. Division Fuentes de Energia, Departamento de Fuentes no
Convencionales, Instituto de Investigaciones Eléctricas (lIE), Cuernavaca, México.

IMP, 1987. Caracterizacion energética del sector doméstico: informe final. Subdireccién de
Investigaciones Econdmicas y Desarrollo Industrial, Divisién de Estudios Energéticos,
Instituto Mexicano del Petroleo, México DF.

INEGI, 1990. XI Censo General de Poblacién y Vivienda, 1990. Instituto Nacional de
Estadistica, Geografia e Informatica (INEGI), Aguascalientes, México.

INEGI, 2000. XIl Censo General de Poblacion y Vivienda, 2000. Instituto Nacional de
Estadistica, Geografia e Informatica (INEGI), Aguascalientes, México.

Jesus-Tripp, M., Arriaga, G., 2001. Estudio de casos sobre combustibles forestales: México.
Informacion y analisis para el manejo forestal sostenible: integrando esfuerzos
nacionales e internacionales en 13 paises tropicales de América Latina. FAO-UE,
Santiago, Chile.

Johnson, M., Edwards, R., Ghilardi, A., Berrueta, V., Masera, O., 2007. Why current assessment
methods may lead to significant underestimation of GHG reductions of improved stoves?
Boiling Point 54 (2007) 11-14. Boiling Point 54, 11-14.

Macias-Cuellar, H., Davila, P., A, C., Tellez, O. 2004. Los sistemas de recoleccién de recursos
vegetales en cuatro comunidades de la Reserva de la Biosfera Tehuacan-Cuicatlan,
Puebla. . In: XVI Congreso Mexicano de Botanica. Sociedad Botanica de Oaxaca
Incomplete References.

Martinez-Murillo, E., Incomplete Reference.

Martinez, A.M., 1986. Implicaciones ambientales del aprovechamiento de la biomasa. Programa
Universitario de Energia (PUE), Documentos de analisis y prospectiva del PUE.
Secretaria de Desarrollo Urbano y Ecologia, Facultad de Ingenieria, UNAM, México DF.
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Martinez, M., 1992b. Especies vegetales como recurso energético de uso doméstico en
Zozocolco de Hidalgo, Veracruz. Licenciatura Thesis. UNAM, México DF.

Martorell, C., 1995. Consecuencias ecoldgicas y alternativas de uso de la lefia en la comunidad
de los Reyes Metzontla, Puebla. Licenciatura Thesis. UNAM Incomplete Reference.
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Masera, O., 1996b. Uso y Conservacion de Energia en el Sector Rural: El caso de la lefa.
Documento de trabajo N°21. GIRA AC, Patzcuaro, México.
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demand mapping tool for woodfuel management. Biomass and Bioenergy 30, 618-637.

Masera, O., Navia, J., 1997. Fuel switching or multiple cooking fuels? Understanding inter-fuel
substitution patterns in rural mexican households. Biomass and Bioenergy 12, 347-361.

Masera, O., Navia, J., Arias, T., Riegelhaupt, E., 1997a. Patrones de consumo de lefia en tres
micro-regiones de México. GIRA AC, Patzcuaro, México.

Masera, O., Navia, J., Arias, T., Riegelhaupt, E., 1997b. Patrones de Consumo de Lefia en Tres
Micro-regiones de México: Sintesis de Resultados. GIRA AC, Patzcuaro, México.
Masera, O., Navia, J., Cedefo, J.C., Ochoa, S., Ruiz, G., 1997c. Consumo y flujos de lefia en la
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Patzcuaro, México.

Masera, O., Ordofiez, M.d.J., 1997. Determinacién de municipios criticos por consumo de lefia.
Technical Cooperation Project (TCP) FAO/MEX/TCP/4553(A)Dendroenergia para el
desarrollo rural. Food and Agriculture Organization of the United Nations (FAO),
Patzcuaro, México.




220 Analisis multi-escalar de los patrones espaciales de oferta y demanda de lefia en México

Monroy-Ortiz, C., 1997. La lefia como recurso energético, implicaciones ecologicas y
etnobotanicas. Licenciatura Thesis. UNAM, México DF.

Monroy-Ortiz, C., Monroy, R. 2003. "Saber popular": alternativa mexicana para conservar el
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ANEXO V: Articulos directamente relacionados con los resultados de esta Tesis

A.V.1 Why current assessment methods may lead to significant underestimation of GHG
reductions of improved stoves

A continuacion se adjunta el articulo publicado en la revista Boiling Point, N°54, afo 2007.%

2 3e puede obtener una copia en formato PDF del articulo desde la pagina Web de la revista:
http://www.hedon.info/goto.php/BoilingPoint. Todos los articulos de la revista son de libre acceso, sin embargo, si

tuviera algun problema, favor de contactarse con aghilardi@oikos.unam.mx y le sera enviada una copia en formato
PDF a la brevedad.
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Why current assessment methods may lead to significant
underestimation of GHG reductions of improved stoves

Michael 4. Jehnzon', Rufus Edwards", Adrian Ghilard?, Victor Berrueta®, Omar Masera®

! Diepartment of Envirommental Health, Science, & Policy, University of Californiz at Irvine, CA 82897-T070, USA. Email: majohnsodnci.edu
* Drepartment of Epidemiclogy, School of Medicine, University of California ar Invine, CA 82697-3857, USA. Email: edwardsrauaci edn

" Center for Ecosystems Fesearch, Nanonal Avronomons University of Mexico, Morelia, 55100, Mexico. Email: aghilardymotkos mnam me

i Grupo Interdisciplinario de Tecaclogia Faral ApropiadsPatzensro, §1609, Mexico. Email: vherrueta/a zira.orz mx

* Center for Ecosystems Fesearch, Matonal Auronomons Undversity of Mexico, Morelia, 55190, Mexico. Email: omasera @oikos unam. mx

The inclusion of improved stove programmes in carbon trading schemes requires valid methods for
estimating their impact on greenhouse gas emissions. Current approaches often make use of IPCC
defaunlt emission factors or those from controlled water boiling tests (WET), vet little is known about
whether these emission factors are representative of normal daily stove use. This article compares the
use of IPCC and WEBT-derived emission factors with those measured in homes during normal daily
stove use and found that both the IPCC and WEBT-derived emission factors resulted in substantially
underestimating the carbon savings achieved from the installation of a Patsari improved stove in rural
Mexico. It also evaluates using community-level fuel renewability estimates in the calculation of carbon

savings and looks at the carbon savings that can be made using this factor

Introduction

There is a growing mterest in the po-
tential to trade carbon offsets from
Improved stove programs on carbon
markets for vohmtary reductions, or
as part of mtermational accords. To m-
clude mmproved stoves m these trading
schemes, methods meestmg minimum
accountability standards for quantify-
ing therr impact on GHG enussions are
needed. Such methods are especially
important given that 2 bilion people
in the developmg werld stll rely on
biomass for cocking and, depending on
fuel renewabality, up to the equivalent
of 10 toones of carbon dicxide may be
saved per household per year with an
improved stove (Johnson et al., 2007).

Calculating carbon emussions from
stoves incorporates at least five key
parameters: stove adoption rates,
stove mamtenance, fiel consmuption,
emission factors, and fuel renswabil-
ity where biomass 15 the main energy
source. This article focuses on meth-
ods for denving emission factors and
renewability since they are not well es-
tablished Expenence in rural Mexico
mdicates that wsing IPCC emission
factors or emission factors from con-
molled laboratory tests instead of enus-
sion factors measured during normal
daily stove use, are likely to lead to
significant errors in estimation of car-
bon savings. In additton we find that
commumity specific estimates of bio-
mass renewability have the potential to
dramatically improve carbon savings
estimates.

The Patsari Project

Orver 6,000 Patsan improved stoves
have been disseminated m Mexico by
the non-profit Grupe Inferdisciplinanio
de Tecnelogia Fural Apropiada (GIRA
- www.gira.orgmx), of which 2,300
are in Purépecha commmmities m the
ceniral Mexican highlands. The Patsan
Project, which received a 2006 Ashden
sustainability award for Health and
Welfare  (www.ashdenawards.com),
mcorporates conmmuuty-based moni-
toring and evaluation of the overall
mmpacts of the Patsan mmproved stove.
This includes studies on health, indoor
air pollution, stove adoption, social
perception, fuelwood  remewabality,
energy performance, and greenhouse
gz (GHG) emissions. The primary
goal of the GHG study was to demon-
strate and validate approaches for the
quantification of GHG enussions from
raditional and Patsan stoves in mral
Purépecha commmmities, which could
be apphied on & wider scale. The results
provided the quantitative basis for sub-
sequent wading of carbon offsets from
the project in carbon markets.

Estimation of GHG
emissions from cooking in
rural communities

The majonty of cockstove emission
factors have been derived using con-
rolled testing procedures in sinmlated
kitchens (2.g Smith et al., 2000; Zhang
et al 2001), due to the complexity of
applymng standard measurement tech-

migques 1 homes. The most commoenly
used controlled testing procedure has
been the Water Boiling Test (WET).
Since the bulk of cumrent stove emis-
sions knowledge comes from research
using the WBT, cument IPCC stove
emission factors and those often cited
I emissions inventories for climate
modelling are ultimately derived from
the WEBT. However, little formal test-
mng has been conducted to evaluate if
the WBT produces emussions repre-
sentative of those from cockstoves m
homes during normal daily activities.
In Mexico the relationship betwesn
using emussion factors from the IPCC,
WBTs, and normal daily stove use m
homes were evaluated for both wadi-
tional open fire stoves and improved
Patsar stoves (see Figure 1).

Nomunal combustion  efficiency
(MCE), or the amoumnt of fuel carbon
converted to CO., dunng WETs in the
simmlated kitchen was found to sub-
stantially over predict the efficiency of
open fires (Figure 2). NCEs produced
during WETs in a sinmlated kitchen
also indicated the nmd-cement Patsan
was 7% less efficlent than traditional
open fires, while the converse was true
mn homes during normal stove use by
local residents, where the mud-cement
and brick Patsans were 2.6 and 7.9%
more efficient, respectively. Thus us-
mg the WET for cockstove GHG es-
timates in these commmmities wounld
result n emronecns enussions levels.

This result is not entirely surpnsing
given that the Patsan was designed pri-
manly for tortilla cocking, which ac-
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Figure 1. Traditional apen fire (4), mud-cement Patsari (B), mmmmm;lmnmm

coumnts for half of fuel consumption m
rural Mexico, rather than boiling wa-
ter. An energy performance stdy by
Bemmueta et al. (2007) found the Pat-
san used approximately twice as nmch
fuelwood as open firez during the ligh
power boilmg phase of the WBT, yet
required 44-57% less foelwood per
tortilla m controlled cocking tests. In
agreement with the combustion effi-
ciency results, Bermueta et al. (2007)
also found the Patsari reduced house-
hold fuelwood consmmption by 48-
66% durmg kitchen performance tests,
further confirmmg that local stove nse
practices diverge significantly from

can be underestimated by up to 64%
(Figure 3). Emission factors of gase-
ous species’ were converted to CO.-
equivalent usmg IPCC lﬂﬂ—jrmrglu—
bal warming potentials, then combined
with fire] use estimates from Bermrueta
et al (2007) assuming that 80% of the
fuelwood was harvested remewably
(zee below). For both gases inchoded
in Kyoto protocols (CO, amiCI-IJmﬂ
ameexpmdadset(l‘i‘o
and TNMHC?, carbmsaﬂmgufthﬂ
Patsari were sigmificantly underesti-
mated by both WBT and IPCC defamlt
emission factors, although the latter
do not differentiate by stoves and are
therefore solely a function of reduced
Fnel 2

In addition to the emronecus carbon
estimates, Figure 3 also shows the sig-
mificant fraction of mitipated carbon
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Fipure 2: Nominal combustion gfficiency af stoves during WEBTE and in-homa stove use. Arrows
highlight that WBT resulted in open fines producing higher NCEs than Patraris, when the con-
warse waz found fo be frue under normal daily stove use
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emmssions from the use of household
moproved cockstoves that is mot -
chaded when only Kyoto Protocol sane-
tioned gases are considered, due to the
large fraction of carbon theat is diverted
mto other GHGs. For residential cook
stoves, therefore, all GHGs should be
mchaded, especially as non-inclusion
of some of the gases can lead to wrong
conchisions about the relative benefits
of different stove types (Edwards et
al, 2004).

WISDOM and renewability

For biomass combustion, fuel renew-
ability is a crifical component in cal-
€O, that 1s remtegrated mio the next
cycle of vegetative growth mmst be
subtracted from the original emissions.
The difference n emissicns assuming
renewable compared to non-renew-
gble biomass use far outweighs the
differences between stove types, and
g0 accurate estimation is crotical in as-
sessing carbon savings (Edwards et al,
2004). Wood fuel renewability in the
Purépecha region was estimated us-
mg WISDOM (Woodfiel Integrated
SupplyDemand Owerview Mapping
model) (Masera et al., 2006; Ghilardi
et al, 2007), a GIS-based model that
spatially mtegrates fiel wood supply
in several countries. The supply of fiel
wood is estimated on a village basis by
defining accessible areas through cost-
distance maps and other tech-
land cover classes, land cover change
demand comes from local surveys,
case studies and geo-referenced popu-
latton censuses, and mcludes mdica-
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tors such as population density, per- & small mumber of commnmities. Ad-

centage of households nsing fuel wood
and fuel woed consumpion by main
species. The use of detailed local data
allows WISDOM to make consistent
renewability estimates at the commu-
mity level.

Such fine discrinunation makes
calculating enussion reductions on a
commumity basis possible, rather than
applymg mean regional renswabality
estimates based on top down surveys.
The mportance of the renewabality
component 15 demonstrated m Figure
4, which presents the carbon savings
aclieved from replacing an open fire
with & mnd-cement Patsan under dif-
ferent renewability scenanios. Potential
CO -equivalent savings under non-re-
newable harvesting are a factor of 3.7
larger than those assunung renswable
harvestmg of biomass. The potential
for underestimating marketable carbon
savings i3 made evident by the village
of Puacuaro, for which WISDOM es-
timates 13% of fuelwood is harvested
repewably, in contrast to the region’s
mean 30%: renewability (see Figure 5).
Uze of the mean regional renewalbality
in this case would indicate the Patsan
saves less than half of that which 1=
aclueved wusing Puacuaro’s renew-
ability estimate. Such large emor for
a single village also demoenstrates the
importance of compmumity-level re-
newability data for projects focused in

ditionally, the relatively large carbon
savings per househeld m Punacuars il-
Iustrate WISDOM s potential to maxi-
mize GHG reductions by focusmg
cookstove dissenunation efforts in ar-
eas with less renewable harvesting of
blomass.

Conclusions

Methods have been developed to as-
sess mural residental cockstove GHG
emussions that rely om: lecally de-
nved GHG emission factors during
daily cocking activities, in home as-
sessments of fuel wood savings, and
a spatially explicit determumation of
fuelwood renswability at village level.
Fesults demonstrate the significant po-
tential for carbon savings as a result
of mstallation of the Patsan mmproved
cookstove.

Methodologically, if these results
hold tmee for other stoves and other
commumtes, conmolled WET baszed
enussion factors from simulated kitch-
ens should not be used n the estima-
tion of carbon savings from mmproved
cook stoves. Instead, contimued efforts
should be made to assess enmssions
from stoves during daly activities in
local commmmities

Finally, differences i carbon savings
between non renswable and renewable
harvesting are of such magmmde that
commmumity based assessments of re-
newability are critical m assessment of
carben zavings, and provide an oppor-
ity for maximizing GHG reductions
by focusing cookstove dissemination
efforts in areas with less remewable
harvesting of biomass.

r "é it 1.

— 1.
[+ = — i
A
e d s

Fa ™

B Fen-aswsibe fawsn
BN om-borwst and cover classes (ng agrcehum, usten, )
[ Cmslybousirs & e 52 Whige’ ety

[ HOK RENEWABLE N Rbawwi bl Fushe cod Frintion oo 50%
| CRITICAL Nee-Rarvibi Fuaivasd Frachen Bahvesn 21%- B80%
0 REMEWABLE. Hon-Renewmble Fusivsnd Frocion les than 20%

(] :. 0

Figure 4. The use gf detailed local data allows WISDOM to make consizient renewalulify ast-
mares af the community level figures arg % non-renawable].

2007 - Mo 54 - Boiling Point

13



228 Analisis multi-escalar de los patrones espaciales de oferta y demanda de lefia en México

Acknowledgements

Chir gratitude to the families from the
Meseta Purhepecha of Michoacan
Funding was provided by CONA-
CYT — the Mexican National Couneil
on Science and Technelogy (Project
23640), and the UNAM-PAPTT Pro-
gram (Project IN108807).

MNotes and References

1. Although particulate emissions were made
they are not reparted here, ses Johnson etal,

2. Total non methane hydrocarbons

Bermeta, V., Edwards, B, and Masera, O
2007, Energy performanca of woodbuming
cookstoves in Michoacan Mexico
Repewable Ensrgy. In press: dod: 10,1016
Jremens 2007 04014

Edwards, B_L., Smith. LB, Zhang, IF.
and Ma, Y0, 2004, Implicatons of changes in
housshold swoves and fuel use in China Energ
Policy 31: 385-411.

Ghilardi, A | Guerrero, ., and Masera, O
2007, Spatal amalysis of residenfial fzlwoed
supoly mmd demand pateems in Mexico using the
WISDONM approach. Biomass and Bicenergy 31:
4735481

Johnson, M, Edwards, B, Frenk, C. A, and
Masera, O In-Sield greenhouss gas emdssions
from cocksiovas i mrl Mexican houssholds
Ammospheric Enviromment, avalable online at
doi:10. 10146/ ammosemy 200710034

Mazera, O, Ghilardi, A Drge. B, and
Trossero, MLA. 2006, WISDOM: A GIS-based
supply demand mapping tool for woodsiel
managemsnt. Blomass Bioensrg 300 §18-637

Smiith, FLR., Uma, B, Exhare, VI, Lat, K,

Joshi V., Zhang, T, Basmussen, BLA, and Fhalil,
MAK 2000, Greenhonse gases from small-scale
combustion devices in developing coumtriss.
Untted States Envirormental Protection Agency,
Whashingron D.C

Fhang T Smith KB Ma ¥, V& 5. Jiang
E, i, W, Lin, P, Ehalil, M A K, Fasmssen,
F_A.. and Thomeloe, 5.A. 2000, Gresnhouse gases
and other airborme polhatants from bowsshald
stonves in China: a database for emission factors.
Ammospheric Enviromment 34: 4537-4548,

1000
Y oam | EBEE EATRMHZ
i BCO
D E00
E ®|CH4
g T mCo?
S5 600
oo
2oz 500
ba o |
£ % 400
[
0o 200 A
o T e e
@ 200
[
= 100 A
£
o0
0% 15% B0 100%
[Fuacuara)  (regiom

Fuglwood Renewabiiby Scenaria

Figure J. Carbon sovings from switching from an open fire to mud-cement Paziarl for four

remewability scenarios.

Profile of the authors

Michael Johnzon is a Ph.D. student in
Envirenmental Health, Sciemce, and
Policy ar the Univerzity af California,
Irvive. Hiz dissertation research focuses
on developing economical and practical
methods for guantifiing greenhouse gas
emissions from cookstoves.

Rufies Edwards iz a profeszer in the de-
parmisnt of Epidemiolegy ar the Uni-
versity af California, hvine. He has
publizhed widely on indoor air pollution
and greenhouse gas emissions azsociared
wirh copksroves. D Edwards alze served
as a techwical advisor to the Shell Foun-
dation & Househeld Energy and Health
Programme.

Adrian Ghilardi iz a Ph.D. student ar the
Center for Ecosystems Research, Na-
tional Aurowomens University of Mexico
in Morelia. My, Ghilardi 5 work areas are
the spatial analyzis of woodfuel supph
and demand parterns through multiple-
seales and the application of Geegraphi-
cal Fiformation Systems (GIS) for esn-
mating the enevgy potential of biomass
SOUFTES.

My Berrueta holds an M.5 in Natural Re-
sources and Rural Development from El
Coalegio de la Fromtera Sur and is cur-
rently a PhD. srudent in the National
Autonomens University of Mexico. His
dizzertation rezearch focuses on energ)
performance  of weod-burning  cook-
stoves. He alzo the coordinater of GI-
R4z Rural Energy Program and Patzari
Project, where he works on rural technol-
ogy development, rural energy, and cook-
stove development and dissemination.

Dr. Masera is a praofessor ar the Center
for Ecosystem Research within the Na-
tional Univerzity af Mexico where ke also
serves as the Dirvecitor qf the Bicenerg)
Laboratory. Dr. Masera has published
four books and over sevemty peer-re-
viewsd publicationz on rural energy,
cook stoves, energy and forestry, and
climate change. He iz also a member of
the Tntergovernmental Panel on Climare
Change.

14

Boiling Point - Mo 54 - 2007



ANEXO V: Articulos directamente relacionados con los resultados de esta Tesis 229

A.V.2 An Integrated local-based approach to estimate CO2-equivalent savings from improved
biomass cookstoves for carbon offset programs

A continuacion se adjunta el articulo enviado a la revista Environmental Science and
Technology, actualmente bajo revision por los editores de la revista.
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Abstract

In spite of growing interest, a principal obstacle to a wider dissemination of improved cookstove
carbon offset projects has been the lack of accountability in estimating CO2-e savings, 1To
demonstrate that robust estimates of CO2-e savings can be obtained at reasonable cost, an
integrated approach of community-based sub sampling of homes to estimate fuel consumption
and stove greenhouse gas emissions, combined with spatially explicit community based estimates
of the fraction of non-renewable biomass harvesting (fNRB) was used to estimate CO2e-savings
for Purépecha communities of Michoacan, Mexico. Mean annual household CO2-e savings for
the full set of GHG gases were 4.8 tCO2-e home-1 yr-1 (95% CI £22%), and for the Kyoto set of
gases were 3.9 tCO2-e home-1 yr-1 (95% CI £25%) respectively, using a mean fNRB harvesting
weighted by the number of improved stoves in each community of 39%. CO2-e savings ranged

from 2.9 (95% CI £37%) to 9.6 tCO2-e home-1 yr-1 (95% CI £17%) for renewable and non-
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renewable harvesting in individual communities, respectively. Since emission factors, fuel
consumption and fNRB each contribute significantly to the overall uncertainty in estimates of
CO2-e savings, community based assessment of all of these parameters is critical for robust
estimates. Reporting of the overall uncertainty in the CO2-e savings estimates provides a
mechanism for valuation of carbon offsets, which would promote better accounting that CO2-¢
savings had actually been achieved. Cost of CO2-e savings as a result of adoption of Patsari
stoves was US$7 per tCO2-e based on initial stove costs, monitoring costs and conservative stove
adoption rates, which is ~ 5 times less expensive than use of carbon capture and storage from coal
plants, and ~ 21 times less than solar power. The low relative cost of CO2-e abatement of
improved stoves combined with substantial health co-benefits through reduction in indoor air
pollution provides a strong rationale for targeting these less expensive carbon mitigation options,

while providing substantial economic assistance for stove dissemination efforts.

Introduction

There is growing interest in trading carbon offsets from improved stove programs on carbon
markets for voluntary reductions, or as part of the Clean Development Mechanism (CDM) of the
Kyoto Protocol . This interest arises from the large number of people that still cook with biomass
(approximately half of the global population) [1], and because emissions of greenhouse gases
(GHGs) relative to delivered energy are high as a result of poor total energy efficiency of
traditional devices. There are three principal barriers to more widespread acceptance of carbon
offsets from improved biomass cook stove projects. Firstly, measurement and verification of
emissions reductions is complex compared to the stack monitors typically used for industrial
facilities as stoves are spread over large spatial areas, often in remote regions. Traditional
assessment methods are also invasive, requiring installation of vented hoods in homes, and
costly, using sophisticated instrumentation and analysis that far exceed the value of carbon
offsets in each home, and typically provide only short-term estimates of emissions for a single
meal event. Secondly, although in more commercial sectors measuring fuel consumption is
relatively easy, , cook stoves often rely on non-commercial or locally purchased fuels, and
tracking of fuel consumption presents several methodological and logistic challenges [2]. Thirdly,
for biomass burning stoves the tools to consistently estimate the fraction of non-renewable
biomass (fNRB) harvesting have been lacking. Consistent fNRB estimates are critical to

accountability due to the magnitude of the difference in CO2-equivalent (CO2-e) savings
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between renewable and non-renewable harvesting of fuel wood [3]. Thus, while the idea of
estimating carbon offsets derived from the replacement of traditional cooking devices a more
efficient cook stoves is conceptually simple, monitoring of CO2-e emissions, fuel use and fNRB
combined with the tracking of stove use is actually very challenging As a result typical
assessment methods for small-scale residential cookstove projects have made use of indoor air
concentrations, rather than emissions, combined with default IPCC emission factors [Bailis et al],
or have used emissions factors from water boiling tests in simulated kitchens [venkataraman and
Rao, 2001, Zhang and Smith 1996], which do not reflect daily cooking activities [6]. Local
community-based sub sampling of fuel consumption and emission factors during daily cooking
activities combined with spatially explicit community based estimates of fNRB to derive robust

estimates of CO2-e savings, and associated uncertainty, have not been undertaken.

Given the increasing interest in carbon offset projects, It has become increasingly clear that
rigorous methods are required to calculate these offsets that will stand up to international
scrutiny. Perhaps more importantly, the value of carbon traded on international markets is
intrinsically linked to confidence in the estimates. Since the level of information available for
each project will likely vary, the confidence bounds of carbon offset estimations will need to be
explicitly defined, so that they may be reflected in carbon pricing. Unfortunately, however, IPCC
default emission factors do not allow such computation, as uncertainty is not reported. Explicit
reporting of confidence bounds of carbon offsets would provide a mechanism for inclusion of
improved stove projects that have other positive economic, environmental and health benefits in

rural communities.

In the current paper CO2-e savings are assessed for households that switch from traditional open
fire stoves to improved Patsari stoves in the Meseta Purépecha region of central Mexico, using
local community based assessments of fuel consumption and fNRB combined with estimates of
emission factors during daily cooking activities. Overall uncertainty associated with CO2-e
savings estimates is evaluated in relation to both uncertainty and monitoring cost for optimization
of sub sampling design. Further, net costs of making these CO2-e savings are estimated and
compared to current carbon mitigation technologies in industrialized nations. Finally, we propose

a relatively simple and economical method using two gaseous species to verify emissions
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reductions in statistical sub-samples that do not involve installation of hoods or the complex

analytical requirements of previous emissions assessments.

Methods

Standard statistical approaches can be applied to limited sub-samples to estimate CO2-e savings
in larger populations of homes with improved stoves, and provide the confidence intervals
surrounding the estimate. Thus using standard statistical criteria, CO2-e savings for the larger
population can be determined with greater than 95% probability of lying within the confidence
bounds of the estimate, after including variability associated with each step in the estimation:
emissions measurements, fuel consumption, and the fNRB harvesting.

Estimation of emission reductions

Reductions in emissions of greenhouse gases expressed in CO2-e home-1 yr-1 may be calculated

as follows:

ACO,e = i(EFRi xFC,[1-fNRB]) + (EF;; x FC,[{NRB]) - i(EFRj x FC;[1-fNRB]) + (EF; x FC,[f{NRB]),
b =

(6]
where EF is the emission factor in CO2-e per ton fuel consumed, FC is fuel consumption in tons
per year, and fNRB is the fraction of non-renewable biomass use. Emission factors assuming
non-renewable harvesting (EFNR) and renewable harvesting (EFR), which exclude CO2, are
applied to the respective fraction of non-renewable and renewable fuel consumption. The change
in emissions is calculated based on the sum of emissions for the different stoves used in homes
with the improved stove (j) subtracted from the sum of emissions for the different stoves used in
homes with traditional stoves (i). Emissions reductions were calculated on a per residence as
multiple stoves are often observed in homes, with traditional stoves still being retained for some
cooking tasks and the installation of an improved stove impacting fuel consumption of other

stoves [7-9].

Estimation of emission factors
Emissions of greenhouse gases were assessed in homes during normal cooking activities for a
random sample of 8 open fire and 13 Patsari stoves. Full description of the sampling

methodology and QA-QC is presented in Johnson et al. (2008). Briefly, emissions were sampled
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into a 100 L light-shielded Tedlar bag (SKC Inc, USA) with an SKC universal pump (model 224-
PCXR8, SKC Inc., USA) at a flow rate of 0.86 ] min-1. Following the sampling period,
approximately 2-3 liters of the initial sample in the Tedlar bag were transferred to a 5 L metal-
coated multiple-layer Tedlar (MMT) bag for storage until gas chromatography analysis. CO2,
CO, CH4, and total non-methane hydrocarbons (TNMHC) were quantified using a Perkin Elmer
8410 gas chromatograph (Perkin Elmer, Waltham, MA) with a flame ionization detector, and a
nickel catalyst methanizer (SRI Instruments, USA). A 80-100 mesh Carbosphere® packed
stainless steel column (Waters Associated, Inc., USA) was used to separate CO2, CO and CH4
analyses and a glass bead stainless steel column (Alltech, USA) used for total non-methane
hydrocarbon (TNMHCs) analysis. Quantification was made using 7-point calibration curves (r2
>0.995) from a NIST-traceable gas standard mixture of CO2, CO, and CH4 in a helium balance
(Scott Specialty Gases, USA).

Each GHG species was converted into CO2-¢ using 100-yr GWPs published by the IPCC
[11,11]. N20 was not included in this analysis and has been shown to be a negligible fraction of
CO2-e emission from biomass stoves as it is associated with higher temperature combustion
[12,13]. Unlike voluntary markets, which can include a more extensive set of GHG species,
estimation of emissions for carbon offset programs under the Clean Development Mechanism of
the Kyoto protocol are restricted to CO2 and CH4. Emission reduction scenarios for both Kyoto-
sanctioned gases (CO2 and CH4), and a more comprehensive set (CO2, CH4, CO, and TNMHC)

are presented.

Estimation of fuel consumption

Fuel consumption was assessed using kitchen performance tests, in which daily consumption
patterns and cooking tasks were monitored in community households over a over a 7-day period
both before and after the introduction of Patsari cookstove [9]. 23 households using fuelwood and
20 households that used a combination of fuelwood and LPG were selected randomly from a
community intervention study in two communities of the Meseta Purépecha: Comachuén and La
Mojonera. In all households the main fuelwoods were oak and pine, which were not provided to
families to minimize bias in family fuel consumption. To obtain fuel consumption per capita, an

equivalence factor called a standard adult was used, which relates the fractional food requirement
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(and energy needed to cook the food) for a child, woman or elderly person to that of an adult man

of reproductive age.

Estimation of the fraction of non-renewable fuelwood harvesting

Community based estimates of the non-renewable fraction of fuelwood harvesting in the
Purépecha region was estimated using WISDOM (Woodfuel Integrated Supply/Demand
Overview Mapping model) (Masera et al., 2006; Ghilardi et al., 2007), a GIS-based model that
spatially integrates fuelwood supply and consumption. Community based estimates of the non-
renewable fraction of fuelwood harvesting were used as national or regional level estimates lack
sufficient resolution to characterize fuelwood consumption for specific communities, the
functional scale required for small scale carbon offset projects. In order to determine the non-
renewable fraction of fuelwood harvesting, the balance between fuelwood supply and demand is
needed. The supply of fuelwood is estimated on a village basis by defining accessible areas from
which residents obtain fuelwood, which integrates into a cost-distance map with key
topographical features, the spatial distribution of different land-use land-cover classes as well as
their fuelwood productivity, and the average daily time spent for collecting fuelwood (Ghilardi et
al., 2008). Fuelwood demand is estimated from local surveys, and geo-referenced population
censuses, and includes indicators such as population density, percentage of households using
fuelwood and fuelwood consumption by main wood species (refer to Ghilardi et al., 2008 for
more details). The use of detailed local data allows WISDOM to make consistent renewability
estimates at the community level, with confidence bounds derived from propagating uncertainty

contributed by each component.

The annual fuelwood increment which can be sustainably harvested from each locality accessible

area was estimated using the following equation:

10

FWSv = , (2)
where FWSv is the amount of fuelwood which can be sustainably harvested from each locality
accessible area “v”, in Mg yr-1 (dry matter); Avj is each locality accessible area “v”’ by land

cover “j” in ha and Pj is the fuelwood productivity by land cover class “j” in Mg ha-1 yr-1 (dry

matter),
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The fraction of fuelwood extracted on a non-renewable basis was estimated based on the
following equation:

FWS, -C,
Cl

fNRBv = , (4

where fNRBYV is the fraction of fuelwood extracted on a non-renewable basis per locality
accessible area “v”, as a ratio or percentage for FWSv< Cl and NRFWv=0 for FWSv >0; and CI
is the fuelwood consumption per locality “I”, following a baseline scenario (i.e. fuelwood

consumption calculated based on open fires, in Mg yr-1 (dry matter).

Estimation of uncertainties

Standard errors for emission factors, fuel consumption, and fNRB used in the carbon reductions
calculation (Equation 1) were estimated with:

— SDX

\/N_x’ (5)

where SEX is the standard error, SDx is an estimate of the population standard deviation, and Nx

SE

is the sample size for each respective component. The variances and sample sizes for emission
factors and fuel consumption are those reported by Johnson et al. (2008) and Berrueta et al.
(2008) with fuel consumption data weighted to reflect 83% exclusive wood users and 17% mixed
wood/LPG users determined by tracking stove usage. The fNRB for each of the 25 communities
was weighted by the number of stoves in each community to estimate the mean fNRB for the 603
stoves. The sample size for fNRB was determined as the number of homes in the sub-sample
where fuel consumption estimates were combined with the fraction of non-renewable harvesting

to estimate CO2-e savings.

Propagation of error in estimates of CO2-e savings were determined using:

2

o | 8SE, SD,.

SE, = [
’ | OX; JN
o (6)

where SEs is the standard error of the CO2-equivalent savings. 95% confidence intervals for

CO2-e savings were then estimated using:

95% CI, =SE_(1.96) 7
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where Cls is the 95% confidence interval for the CO2-e savings, SEs is the propagated standard
error derived using Equation 6, and 1.96 is the z-value assuming an alpha significance level of
0.05. All terms were assumed independent and thus covariance was not included in the standard
error estimates of CO2-e savings. Estimation of the contribution of individual variables in
Equation 1 to the standard error of CO2-e estimates were computed by dividing the square of

each component’s respective partial derivative by the sum of the squared partial derivatives.

Simplified Monitoring Procedure
Two monitoring techniques were tested to further simplify the field measurement of emission

factors.

Monitoring open fires with a sampling probe

A main obstacle for in-home emissions monitoring has been the need for intrusive and
cumbersome constant flow sampling hoods to control for dilution effects of room air on gas
concentrations in the plume. To determine if a simple probe could replace sampling hoods,
CO2/(CO2+CO) ratios monitored using a 3-pronged probe that hung directly above an open fire
were compared against CO2/(CO2+CO) ratios measured with a constant flow sampling hood.
Samples were taken at 30 second intervals alternating between the hood and probe for three

separate open fires.

GHG Emission Factor estimation using CO2/(CO+CQO2) ratios

If CO2-e savings assessments are to be performed by non-specialist groups, accessible and
economical methods are required that do not involve complex analytical techniques typical of
emissions assessments. One approach suggested by Edwards et al. (2003) is to use the
CO2/(CO2+CO) ratio, for which a variety of relatively low cost real-time instrumentation exists,
as a proxy for nominal combustion efficiency (NCE) to estimate emissions of GHGs, as the
relative emissions of individual GHG species for a given fuel type are largely determined by
combustion efficiency [14]. This approach was evaluated by simultaneously monitoring CO and
CO2 concentrations with a flue gas analyzer (Autologic, USA) in the homes in which the gas
chromatography analysis was conducted. The instrument was calibrated with NIST-traceable CO

and CO?2 reference gas (Scott Specialty Gases, USA) and background concentrations were
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accounted for by zeroing the unit in room air for a minimum of 5 minutes before and after

sampling.

Results
Figure 1 shows annual CO2-e savings with corresponding 95% confidence intervals for
residences adopting an improved Patsari stove using locally assessed emissions factors, fuel

consumption and fNRB harvesting in local Purepecha communities).

Mean annual household CO2-¢e savings for the full set of GHG gases were 4.8 tCO2-¢ home-1 yr-
1, and for the Kyoto set of gases were 3.9 tCO2-e home-1 yr-1 respectively, using a weighed
mean fNRB harvesting of 39%(Table 1). CO2-e savings and 95% confidence intervals are shown
for the entire range of 0-100% non-renewable harvesting as CO2-e as savings in individual
communities vary widely within the Region (Figure 2). Since CO2-¢ savings ultimately should be
estimated on a community basis, Figure 1 also demonstrates the range of potential carbon savings
across fNRB scenarios, and how increased value of CO2-e savings would tend to focus offset
projects in communities with greater resource constraints and environmental impacts, which may
also favor improved stove adoption due to perceptions of fuel availability or cost. Mean CO2-¢
savings and corresponding 95% confidence intervals using the full set of GHG gases ranged from
2.9 tCO2-e home-1 yr-1 (95% CI £37% or +1.1 tCO2-e home-1 yr-1) for renewable harvesting of
fuelwood, to 9.6 tCO2-e home-1 yr-1 (95% CI £17% or 1.6 tCO2-e home-1 yr-1) for non-
renewable harvesting of fuelwood. Corresponding CO2-¢ savings and 95% CI using the Kyoto
set of GHG gases ranged from 2.1 tCO2-e home-1 yr-1 (95% CI £48% or +1.0 tCO2-e home-1
yr-1) for renewable harvesting of fuelwood to 8.2 tCO2-e home-1 yr-1 (95% CI £18% or £1.5

tCO2-e home-1 yr-1) for non-renewable harvesting of fuelwood, respectively.

Propagating the uncertainty from estimation of each component in the CO2-e saving calculation
(Equation 1) resulted in overall 95% confidence intervals around the mean CO2-e savings
estimate of 22% (£1.0 tCO2-e home-1 yr-1) using the full set of GHG gases and 25% (+1.0
tCO2-e home-1 yr-1) using the Kyoto set. The majority of uncertainty in mean CO2-e savings
using the full set of GHG gases was contributed by emission factors for open fires (21%), open

fire fuel consumption (24%), and fNRB (48%). Incomplete accounting of greenhouse gases from



240 Analisis multi-escalar de los patrones espaciales de oferta y demanda de lefia en México

relatively inefficient household stoves using the Kyoto set of gases resulted, therefore, ina 19 %

reduction in mean CO2-e savings relative to the full set of GHG gases.

The relative contributions of emission factors, fuel consumption and fNRB to overall uncertainty
in CO2-e savings vary across the range of fNRB harvesting in communities where the stove was
disseminated, illustrating how local community based assessment of all of these components is
critical for estimating CO2-e savings in areas where fNRB is so heterogenous across
communities. As harvesting of biomass gets more renewable and CO2 emissions are not included
in estimation of CO2-e savings (as it is taken up by plants in the next growing cycle) uncertainty
associated with fuel consumption contributes less to the overall uncertainty in the estimate of
CO2-¢ savings (as CO2 represents the largest fraction of carbon emissions from fuel mass), and
the emission factor and renewable status of harvesting dominate uncertainty. Conversely, as a
greater fraction of the harvesting of biomass is non-renewable, fuel consumption and emissions
begin to dominate the overall uncertainty in the estimate of CO2-¢ savings relative to fNRB, with
the transition point around 60% for the full set of GHG gases. Fuel consumption and emission
factors for secondary open fires and use of additional LPG stoves contributed 1% or less towards

the CO2-e savings standard error for all fNRB scenarios.

The confidence interval surrounding the mean estimate of CO2-e savings is dependent on the
number of homes sampled. Statistical sub samples must be selected that balance the sample size
demands to provide rigorous estimates of CO2-e savings and the cost incurred in validation, so
that costs do not exceed the value of the CO2-e savings. Table 3 shows the sample sizes to assess
emissions factors and fuel consumption. In addition, if CO2-e savings assessments are to be
performed by non-specialist groups or need to be further simplified, approaches that do not
involve the complex analytical requirements of previous emissions assessments are required. To
simplify monitoring strategies by removing the requirements for constant flow emissions hoods,
figure 3 shows the relationship between CO2/(CO2+CO) ratios monitored using a 3-pronged
probe that hung directly above an open fire compared against CO2/(CO2+CO) ratios measured
with a constant flow sampling hood for three open fires, and the relative uncertainty introduced
by these estimates. Correlation between CO2/(CO2+CO) ratios had an r2of 0.98 (p<0.001), with
a slope of 0.98, demonstrating good agreement between the measures. Similarly, to simplify

monitoring techniques that could be deployed by non-specialist groups, Figure 4 shows the
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relationship between CO2/(CO2+CO) ratio using portable commercial instruments that do not
involve complex analytical requirements and NCE determined using gas chromatography for
emission factors during normal daily cooking activities using both open fire and Patsari stoves.
The correlation between NCE and CO2/(CO2+CO) ratio had an r2 of 0.98 (p<0.001) for open
fires and 0.94 (p<0.001) for Patsaris, demonstrating that the CO2/(CO2+CO) ratio was a good
proxy for NCE for the fuels used in these homes. Since relative amounts of products of
incomplete combustion and thus CO2-e emissions are related to NCEs, Table 2 shows
CO2/(CO2+CO) ratios can predict CO2-e emissions. Char is also included as a predictor for non-
renewable models because each gram of fuel that is converted to char negates a gram of fuel from
being emitted as CO2 or PICs, of which ~90% of fuel carbon or greater is emitted as CO2. Since
CO2 is the largest contributor to CO2-e emissions for non-renewable fuel use, and excluded from
CO2-e emissions for renewable fuel use, char production is only a significant predictor for non-

renewable scenarios.

Discussion

Typical assessment methods for small-scale carbon offset projects using default IPCC emission
factors combined with regional estimates of fuelwood renewability result in significant errors in
CO2-e savings. Firstly, current databases of emissions factors were derived from controlled tests
in simulated kitchens for a limited number of stove combinations primarily in India and China,
and do not reflect actual emissions from homes during daily cooking activities [6]. Perhaps more
importantly the differences are not consistent between stove types. For example, open fire
combustion efficiency is overestimated while Patsari combustion efficiency is underestimated by
water boiling tests in simulated kitchens relative to during normal daily stove use, which would
result in a 64% underestimate of CO2-e savings [3]. In addition the variability in the individual
emissions factors is not reported in current databases making it impossible to estimate uncertainty
in overall CO2-e savings. Use of emissions estimates that are not derived from local community
based sub samples, even if derived from measurement in real homes during daily cooking
activities, would still require broad assumptions about stoves, fuel types, cooking activities, stove
conditions and combustion efficiencies leaving aside variations as a result of altitude, seasonal
and meteorological factors. For emissions factors and fuel consumption, therefore, local

community based data is critical in reducing uncertainty in CO2-e savings estimates.
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Similarly, use of region wide estimates of fNRB based on rough average productivities of land
cover classes and average consumption do not have sufficient resolution to accurately estimate
the actual impact of fuelwood harvesting at the local scale required for carbon offset projects.
(WE CAN cite two case studies here Ghilardi et al., 2007; Top, N., Mizoue, N., Ito, S., Kai, S.,
2004. Spatial analysis of woodfuel supply and demand in Kampong Thom Province, Cambodia.
Forest Ecology and Management 194, 369-378.) As shown in our study area, this procedure may
lead to significant errors when estimating CO2-e savings and respective confidence intervals.
Figure 5 shows the difference between fuelwood supply-demand balance estimates for the same
communities of the Meseta Purépecha using a region wide approach versus a community based
assessment of fNRB. The regional approach estimates a balance of 647 Mt & 785, while using the
community-base assessment we get 64 Mt + 73. In general,

region wide approaches overestimate fuelwood supply , as they do not take into account non-
accessible areas, land ownership and local topography, and result in greater variability as a result
of less explicit land use and vegetation cover. Since fNRB harvesting varies widely even
between adjacent communities, and small-scale carbon offset projects in the household sector are
not equally distributed in all communities throughout a region, fNRB harvesting estimates should

be based on community level assessment.

Confidence in CO2-e savings estimates

Use of the more constrained Kyoto GHG set resulted in a reduction of 26% in CO2-e savings
relative to use of the full set of GHGs. Although differences in CO2-¢ emissions estimates
between the Kyoto and full GHG set are much smaller for centralized fossil fuel energy
generation in industrialized nations where combustion efficiencies are much higher, for
inefficient combustion in small scale devices the full range of GHGs should be included to avoid

issues of incomplete accounting [15].

Although carbon reductions from small-scale household energy projects have been traded on
voluntary markets, a principal criticism of these offsets has been the lack of accountability and
verification that the CO2-¢ savings have actually been achieved [4,5]. In part this has been
because relatively non-invasive methods to verify emission reductions in homes during daily
activities and methods for consistent spatially explicit community based estimates of f{NRB

harvesting have been lacking. Equally critically, carbon offset estimations have been reported
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without the corresponding uncertainty in the estimate. Although calculation of CO2-e savings
involves combination of emission factors, fuel consumption and fNRB estimated with different
methods, standard statistical approaches can be applied to propagate each component’s respective
uncertainty in estimating the overall 95% carbon offset confidence intervals. Reporting these
confidence intervals provides a quantitative measure of confidence in the estimate, which shows
significant potential to be used in valuation of CO2-e offsets. Since resolution and quality of
information from individual projects is likely to differ, valuation of CO2-e offsets based on the
confidence bounds of the estimate provides a mechanism to reward organizations marketing
offsets where more time and energy has been committed to verifying the carbon offset estimates,
without excluding those where such information gathering is limited, but may provide valuable
areas for carbon reduction. From a climate perspective this would promote better accounting that
CO2-e savings had actually been achieved. Given the financial sums potentially involved in
future carbon trading, reporting the confidence in the estimate will become more critical for

global carbon markets, particularly in preventing unscrupulous practices.

Sub-sampling for CO2-e savings estimation

Unlike the residential sectors of industrialized nations where CO2-e consumption can be assessed
by combining commercial energy usage with stack monitored emissions from central power
generating facilities, measurement of solid fuel consumption and individual emissions from all
homes in rural areas of developing nations is cost prohibitive given the large numbers of stoves
and often remote areas involved. Estimating CO2-e savings and corresponding confidence
intervals for improved stove projects therefore involves statistical sub sampling of fuel
consumption and emissions factors from both traditional and improved stoves to obtain an
estimate of both the central tendency and variability in the larger population of homes for which
the CO2-e savings are being estimated. Prior to this study the major barriers to field measurement
of statistical subsamples for CO2-e savings estimation were the large intrusive sampling hoods,
and the analytical methods required for analysis. Since community based estimates of emissions
factors are critical in reducing uncertainty of CO2-e savings, relatively inexpensive field based
methods are required to assess emissions in homes during daily activities. Figure 3 demonstrates
that use of simple sampling probes for open fires and stoves without flues can be used
comparably to constant flow sampling hoods, and that stoves with flues can be sampled directly,

as fugitive emissions were a minor component of total emissions.
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Confidence in CO2-e savings for the larger population can be increased by monitoring larger sub-
samples, but a tradeoff exists between increasing confidence in the CO2-e savings and the added
costs of monitoring more homes, especially if carbon trading pays for the costs of verification.
Figure 6 shows the tradeoff between cost and confidence in CO2-e savings in relation to number
of homes monitored for fuel consumption and emissions. For comparison fNRB harvesting of
10% and 50% are included, which show similar trends, although areas with lower fNRB would
require larger sample sizes to achieve the same relative confidence in CO2-e savings. This figure
highlights the tradeoffs in cost based on our experiences in Michoacan, Mexico. While the
magnitude of monitoring costs may vary between different groups and regions, the overall shape
of the curve is likely to be similar, and reflect similar tradeoffs with increased confidence in
CO2-e savings. Based on these figures the maximum benefit in confidence of CO2-e savings for
the lowest cost lies in taking sub samples of 20-30 homes. As shown in Table 3, monitoring 25
homes would reduce the standard error for each emission factor and fuel consumption variable to
less than 10%, giving an 95% confidence interval around mean CO2-e savings of +18% (an 18%

decrease in uncertainty relative to the community sub samples presented here).

Although variability of fuel consumption and emissions in other project situations may differ, in
the absence of better data, these sample size estimates provide a reasonable starting point.
Clearly, however, determination of the number of homes to sub-sample is both driven by whether
the sample is likely to capture the overall variability of the larger population and logistical and
cost constraints. Valuation of CO2-¢ offsets based on the confidence bounds of the estimate,
therefore, could provide a mechanism whereby increased costs of more rigorous and robust

estimation methods are defrayed by increased value of the CO2-e savings.

If CO2-e savings assessments are to be further simplified , approaches that do not involve the
complex analytical requirements of previous emissions assessments are required. Based on
approaches developed by Edwards et al. (2003), Figure 4 demonstrates that portable commercial
instruments to measure the CO2/(CO2+CO) ratio can be used effectively to estimate NCE for oak
and pine fuels, which can be used to predict resultant CO2-e savings (Table 2). Model predictions
had r2 values ranging from 0.79-0.95 for the full GHG set, but were slightly lower (0.65-0.90) for

the more restricted Kyoto gases and renewable harvesting (essentially a prediction of methane
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emissions from combustion). Uncertainty introduced by use of these models resulted in a 7%
increase in 95th percentile confidence intervals of CO2-e savings using the full set of GHGs for
Patsaris in the Meseta Purepecha with 39% fNRB harvesting. Over the range of 100% to 0%
fNRB harvesting use of these models results in a 3-13% increase in 95th percentile confidence
intervals of CO2-e savings for the full set of GHGs. The largest increase in uncertainty occurs for
0% fNRB when the renewable open fire emission factor, which has a relatively low r2 value of
0.79, contributes 46% of the uncertainty in carbon savings (see Figure 1a). This approach
therefore shows considerable promise as an inexpensive verification tool. Clearly, however, as
the relationship between the CO2/(CO2+CO) ratio and products of incomplete combustion may
vary depending on fuel type, use of the CO2/(CO2+CO) ratio to estimate emissions requires
calibration with fuel types of interest. Charcoal for example emits a greater fraction of CO than
hydrocarbons in relation to fuelwood burning, thus the slope and intercept will be different when
using CO2/(CO2+CO) ratio to estimate CO2-e emissions. Thus this approach is perhaps better
suited as a verification tool for CO2-e savings in successive time periods after initial verification
using direct monitoring of greenhouse gas emissions is performed. Carbon mitigation cost-

effectiveness

The monitoring costs, would reasonably be expected to cost less than 20% of CO2-e savings for a
project size of 600 stoves, assuming 39% fNRB, carbon price of $15 per tCO2-e and a project

timeframe of 7 years.

Carbon prices for emission permits under a cap and trade system designed to meet Kyoto
Protocol reduction targets have been estimated at US$26-159 and US$53-68 per tCO2-e for
Europe and the United States, respectively [16]. The costs of CO2-e savings as a result of
adoption of Patsari stoves are approximately ~US$3 per tCO2-e given 34 tCO2-¢ savings for
39% fNRB in the Meseta Purepecha, nominal installation costs of US$100 for a Patsari, and 7-
year time horizons for residential small scale household energy projects adopted by the CDM.
Not all improved stoves are adopted, however, as the transition to a new technology is moderated
by practical and social factors [18]. In addition verification that carbon reductions have been
achieved also incurs additional cost. Although these costs are much more variable on a project by
project basis depending on stove promotion efforts and monitoring and verification strategies,

incorporating a conservative minimum adoption rate of 60% within a community, and monitoring
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costs from the Patsari project in the Meseta Purepecha, increased costs to US$7 per tCO2-¢
saving. Even if these costs were 3 times higher, they would still be considerably less expensive

than the lower range of costs of carbon abatement technologies in Europe and the United States.

Comparing commonly cited GHG abatement technologies in industrialized nations by England’s
Department for Business Enterprise and Regulatory Reform indicate nuclear and wind energy in
England would be 11 and 17 times more expensive than the Patsari’s ~US$7 per CO2-¢ abated,
respectively [19]. Estimates by Sims et al. (2003) indicate CO2-capture from coal plants and
solar power in the United States would be 5 and 21 times more expensive than Patsari
dissemination [20]. Should stripping CO2 from the atmosphere be required, at current cost of
US§140-250 per tCO2 removed [21], cost would be 20-36 fold more expensive than
reducingCO2-e emissions to the atmosphere with improved stoves, not including the reduced
costs associated with the substantial health improvements of local communities. The substantial
health co-benefits in addition to the low relative cost of CO2-e abatement using improved stoves
provides a strong rationale for targeting these less expensive carbon mitigation options while

alternative low carbon emissions technologies are developed.

Sale of CO2-e savings from improved stoves has the potential to significantly improve stove
dissemination efforts in low-income rural communities through defrayment of stove
dissemination costs. Carbon prices were ~US$30 per tCO2-¢ for European Union allowances
(EUA) and ~US$5-40 per tCO2-¢ for voluntary offset programs [22,23]. Assuming a relatively
conservative $7 to $15 per tCO2-e within this range, the 34 tCO2-e saving over 7 years with the
Patsari’s would translate to approximately US$ 250-$500, considerably more than initial stove
cost even when adjusting for minimum adoption rates and emissions monitoring expenses. While
stove initial costs are only a fraction of total project costs, these monetary benefits illustrate the

potential of carbon offset projects to boost improved cookstove projects.

Finally, the increased value of CO2-¢ savings for communities with a higher fraction of non-
renewably harvested fuelwood would tend to focus offset projects in communities with greater
resource constraints and environmental impacts, which may also favor improved stove adoption

due to perceptions of fuel availability or cost.
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Implications and recommendations

Here we demonstrate methods to achieve robust estimates of CO2-e savings from small-scale
residential biomass cookstove projects at reasonable cost using an integrated approach of
community based sub sampling homes to estimate fuel consumption and emissions, combined
with spatially explicit community based estimates of fNRB harvesting. Since emission factors,
fuel consumption and fNRB each contribute significantly to the overall uncertainty in estimates
of CO2-e savings, community based assessment of all of these parameters is critical for robust
estimates. Compared to current carbon mitigation technologies in industrialized nations the low
relative cost of CO2-¢ abatement of improved stoves combined with substantial health co-
benefits through reduction in indoor air pollution provides a strong rationale for targeting these
less expensive carbon mitigation options for carbon offset trading, especially for those sectors
and technologies with relatively inelastic carbon emissions, while providing substantial economic
assistance for stove dissemination efforts. Reporting of the overall uncertainty in the CO2-¢
savings estimates provides a mechanism for valuation of carbon offsets, whereby organizations
are rewarded for more time and energy committed to monitoring and verification, without
excluding those where such information gathering is limited, but may provide valuable areas for
carbon reduction. From a climate perspective this would promote better accounting that CO2-e

savings had actually been achieved.
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Table 1: Emissions factors, fuel consumption and fNRB harvesting for community-based sub-
samples in the Meseta Purepecha.

Component N mean SD SE (% of mean)
Full Kyoto Full Kyoto  Full Kyoto

Emission factors (tCO2-e t-1)

Open fire non-renewable 8 2.24 1.94 0.19 0.19 3 3

Open fire renewable 8 0.54 0.39 0.18 0.19 12 17

Patsari non-renewable* 13 1.93 1.76 0.12 0.08 2 1

Patsari renewable* 13 0.26 0.18 0.11 0.09 12 14

LPGTY 8 0.16 3.81 0.16 0.05 <1 <1

Fuel consumption (t yr-1) N mean SD SE (% of mean)

Open fire (exclusive) 23 6.21 1.46 5

Open fire (mixed) 20 4.20 2.01 11

Patsari (exclusive) 8 1.82 0.66 13

Patsari (mixed) 6 1.33 0.50 15

LPG (open fire home) 20 0.16 0.16 22

LPG (Patsari home) 6 0.06 0.06 30

fNRB (%) na 39# 36 14

* Patsari mean emission factors and standard deviations are pooled from mud-cement and brick stove estimates
(Johnson et al. 2007).

T Sample size, mean, and standard deviation are based on measurements performed by Smith et al. (2000).

# fNRB in each of 25 individual communities was weighted by the numbers of improved stoves in each community
to estimate CO2-e savings.
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Table 2. Use of CO2/(CO2+CO) ratio, and char kg-1 to predict CO2-e emissions for the full
GHG set (CO2, CH4, CO, TNMHC) and the Kyoto set (CO2, CH4).

Dependent Adjusted R2 . Std. Error Std. B Sig.
bl Predictors

Variable Full Kyoto Full Kyoto Full Kyoto Full Kyoto Full  Kyoto

Open fire CO2- 0.90 0.78  Constant 2943 2093 528 603 - - <0.001 0.006

equivalent kg-1 Char kg-1 1.0 0.8 03 03 -0.50 -0.53  0.002 0.014

(non-renewable) CO2/(CO2+CO -2510  -1626 567 648  -0.54 -0.45  <0.001 0.029
)

Patsari CO2-  0.94 0.89  Constant 2190 1041 88 75 - - <0.001 <0.001

equivalent kg-1 Char kg-1 -0.9 09 01 0.1 -0.57 -0.99  <0.001 <0.001

(non-renewable) CO2/(CO2+CO -1783  -607 92 78 -1.02 -0.57  <0.001 <0.001
)

Open fire CO2- 0.79  0.65 Constant 4383 2025 591 413 - - <0.001 <0.001

equivalent kg-1 CO2/(CO2+CO -4102 2049 619 433 -0.89 -0.81 <0.001 <0.001

(renewable) )

Patsari CO2- 095 090  Constant 1757 1149 90 74 - - <0.001 <0.001

equivalent kg-1 CO2/(CO2+CO -1804  -1174 93 79 -0.94 -0.95 <0.001 <0.001

(renewable) )
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Table 3. Reductions in uncertainty of CO2-e savings by increasing numbers of homes monitored
in community based sub samples, assuming the full GHG set and 39% fNRB.

Community based sub samples Feasible sample size
Community based sub Contribution to SE (% Contribution to
SE (% of . .
samples mean) carbon savings N of carbon savings
CI (%) mean) CI (%)
Emission factors (tCO2-¢ t-
1)
Open fire non-renewable 8 3 5 25 2 2
Patsari non-renewable 13 2 <1 25 1 <1
Open fire renewable 8 12 24 25 7 11
Patsari renewable 13 12 1 25 9 <1
Fuel consumption (t yr-1)
Open fire (exclusive) 23 5 18 25 4 22
Open fire (mixed) 20 11 4 25 9 4
Patsari (exclusive) 8 13 1 25 7 <1
Patsari (mixed) 6 15 <1 25 7 <1

Carbon savings 95% CI 22% 18%
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Figure 1: CO2-e savings and 95% confidence intervals for a shift from open fire to Patsari stoves
using a) the full GHG set (CO2, CO, CH4, and TNMHC) and b) the Kyoto set (CO2 and CH4).
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Figure 2. Estimation of non-renewable harvesting of woodfuel on a community basis in the
Meseta Purépecha showing the large heterogeneity of harvesting between communities within
relatively small spatial areas.
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Figure 3. Correlation between CO2/(CO2+CO) ratios using a constant flow sampling hood and

using a probe suspended above the fire.
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Figure 4. CO2/(CO2+CO) ratio as a predictor for NCE as measured by gas chromatography.
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Figure 5: Difference between region wide macro approaches and community level estimates of
fuelwood supply and demand compared for communities of the Meseta Purépecha. Refer to
Ghilardi et al. (2007 and 2008) for a detailed explanation of the procedure used to get both
estimates.

Balance

1,600
1,400
1,200
1,000

800

400

200

Fuelwood supply-demand balance in Mg yr-1 (dry matter)

-200

-400

Notes: Adapted from Ghilardi et al. (2008). All localities (n = 298) with at least 20 households using fuelwood were
analyzed in both approaches. Selected localities account for 95% of total fuelwood consumption in the Meseta
Purépecha.
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Figure 6. Increased confidence in CO2-e savings in relation to costs of monitoring larger numbers
of homes in community based sub-samples.
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ANEXO VI: Fotografias

Recolecciéon de madera muerta por mujeres y nifios en la localidad de Ajuno, Michoacan. Notar la diferencia en el
tamano promedio de las varas, comparado con las fotos de la pagina siguiente donde se utiliza el hacha y un burro
como animal de carga. Fotos: A. Ghilardi.
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Extraccion de lefia por hombres en la localidad de Ajuno, Michoacén. El procedimiento consiste en elegir un arbol de
alguna especie preferida (un encino en este caso), tumbarlo con el hacha (A), trozarlo in situ (B) y transportar los
trozos en el animal de carga hasta el hogar (C). La extraccion y transporte de lefia puede ser una actividad que
requiere de al menos 2 o 3 horas, por lo que se suele combinar con otras actividades diarias, como la visita a la
parcela. Fotos: A. Ghilardi.
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Recolecta de Jara (Baccharis sp.) en un area agricola abandonada en la localidad de Ajuno, Michoacan. La Jara no
produce una lefia de buena calidad como los encinos y es ademas un arbusto por lo que sus tallos rara vez superan
los 7-10 cm de didametro. Sin embargo, es una especie muy usada como lefia en zonas templadas dada su
abundancia (coloniza rapidamente las areas agricolas abandonadas deteniendo la sucesién natural hacia bosques de
coniferas y latifoliadas) y porque es un subproducto de la limpieza de areas agricolas abandonadas. Fotos: A.
Ghilardi.
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Recoleccion de lefia utilizando un vehiculo de carga a motor al costado de una carretera en los altos de Chiapas. La
extraccién de lefa utilizando vehiculos de carga a motor no puede realizarse lejos de los caminos. Esta
caracteristica, entre otras, permite identificar y categorizar los sitios potenciales de extraccion de lefia para venta
local desde un Sistema de Informacion Geografico (SIG). La foto A fue tomada sin previa autorizacion de los
lefiadores, que se sintieron de inmediato intimidados, muy probablemente debido que la recoleccion de lefia para su
venta local no es una actividad permitida. Fotos: A. Ghilardi.
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Uso de desechos de la construccién para alimentar un fogén casual en las calles de la ciudad de Uruapan.
Foto: A. Ghilardi.
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Notas: A) Uso de gas LP para calentar una olla con carne de puerco con motivo de un evento social en San pedro
Tlatizapan, Estado de México. La localidad se ubica al interior del area critica por uso de lefia N°15 del capitulo I,
seccion 111.2 (Fig.5). B) Uso de lefia para elevar la temperatura y completar la coccién durante las dltimas 2 6 3 horas.
Se utiliza primero el gas LP para ahorrar lefia, dado que es escasa y cara. La lefia es la Unica fuente de energia
disponible con la que se consigue la coccién deseada, dado el volumen de la olla, la cantidad de carne en su interior
y los dispositivos de uso final: calentador comercial a gas LP y fogén de tres piedras. Es éste un ejemplo de como la
lefia puede ser un combustible irremplazable bajo ciertas condiciones. Fotos: A. Ghilardi.
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A) Venta de lefa en la ciudad de Morelia, en visperas de Navidad. El consumo se lefia se dispara durante las fiestas
decembrinas, por lo que representa un buen momento para recopilar informacioén sobre los sitios de extraccion para
el abastecimiento de lefia en la ciudad. B) Transporte de lefia hacia la ciudad de Patzcuaro desde algun lugar de

extraccion incierto. Dado el estado del vehiculo y su velocidad (35 km/h), se estima que la lefia provenia de bosques
aledafios a la ciudad. Fotos: A. Ghilardi.



266 Analisis multi-escalar de los patrones espaciales de oferta y demanda de lefia en México

Uso de lefia en Nueva ltalia, Michoacan, para preparar una comida cotidiana. Notar el tanque de gas LP, lo que
evidencia el uso mixto. Fotos: A. Ghilardi.
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Paraderos gastrondmicos en la carretera México-Puebla que utilizan lefia para la cocciéon de la mayor parte de los
alimentos que venden. Foto: A. Ghilardi.

Sin comentarios. Fotos: G. Morales y A. Ghilardi.



	Portada
	Índice General
	Resumen, I. Introducción
	II. El Modelo Wisdom: una Herramienta Para el Análisis Espacial de la Oferta y Demanda de Combustibles de Madera
	III. Análisis Espacial de los Patrones de Oferta y Demanda de Leña Para uso Residencial en México Utilizando el Modelo Wisdom
	IV. Análisis Multi-escalar de los Patrones Espaciales de Oferta y Demanda de Leña Para uso Residencial en México
	V. Conclusiones Generales
	Referencias
	Anexo I: Metodologías Para Estimar la Oferta de Madera Disponible Como Leña
	Anexo II: Propiedades Combustibles de la Madera
	Anexo III: Sistemas de Coordenadas Utilizados
	Anexo IV: Lista de Estudios de Caso Sobre uso de Leña en México
	Anexo V: Artículos Directamente Relacionados con los Resultados de Esta Tesis
	Anexo VI: Fotografías

