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A.l Introduction

This appendix presents supporting data and information to the Comparative Analysis of Fuels for
Cooking: An Assessment of Environmental, Economic and Social Impacts. Appendix B describes
methodology considerations, process descriptions for each fuel life cycle, and data sources used
within the study. Complete citations for data sources used within the study are presented in
Appendix C.

To extend the utility of the data and information generated through this study, an initial version
of a web-based tool was also developed. The Fuel Analysis, Comparison & Integration Tool
(FACIT) provides interactive access to the data and information discussed in this appendix.
FACIT allows users to analyze and compare trade-offs of different fuels used to provide energy
for cooking. Stakeholders involved in making decisions related to optimizing fuel production,
processing, distribution and use should find this tool particularly useful.

The remaining sections present the supporting data and include detailed tables and figures
supplemented with country-by-country discussion of these results. The life cycle assessment
(LCA) results for fuels are separated by production, distribution and use for all fuels.

Asia

A.2  Detailed Results for China
A21 Overview of China

In China, with the largest population in the world, just over half of the population lives in cities.
It is the only Alliance focus country where less than 50 percent of the population uses biomass
(wood and crop residues) as a cooking fuel, mostly in rural areas for both cooking and heating,
often using the same device. As is common for most developing countries, Chinese households
own more than one stove that may use a variety of fuel types. The diversity of geographical
regions and fuel options in results in distribution and availability barriers.

China has demonstrated its concern about health, environment, and clean energy by promoting
initiatives such as the ethanol program of the early 2000’s directed at transportation fuel?® and its
use of subsidies and low-interest loans to encourage biogas use for cooking in rural areas.*® In
March 2016, China’s National People’s Congress will pass the 13th Five Year Plan that will
create a set of targets and guidelines spanning a range of social, economic, and a particular focus
on environmental issues that would limit coal consumption and focus on green, low-carbon
development and energy conservation.® China has also shown an overall trend of an
approximately 2 percent increase in forest land per year in recent years.” This increase is the
result of ambitious large-scale afforestation programs reported between 2000 and 2010.8

The following sub-sections address the environmental, economic, and social considerations
related to cooking fuels and stoves for China in greater detail.
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A2.2

Environmental Indicators for China

This section covers the detailed China LCA results for the ten environmental indicators assessed
for each fuel. The stove thermal efficiency by fuel and the fuel heating values employed in this
study to calculate the LCA results are provided in Table A-1 and Table A-2, respectively. The
remainder of this section presents results for each environmental indicator.

Table A-1. Stove Thermal Efficiencies Applied by Fuel Type for China

Fuel Type

Stove Thermal Efficiency

Sources

Firewood

16.3%-19.2%

Zhang, et al. 2000

Crop Residue

10.3%-17.2%

Zhang et al., 2000

Charcoal Briquettes from Wood 17.5% Singh et al., 2014
Charcoal Briguettes from Bamboo 17.5% Singh et al., 2014
Non-Carbonized Briquettes from Sawdust 29.9% GACC, 2015a

Urban Uganda, 2015
Non-Carbonized Briquettes from Crop Residues 31.0% GACC, 2015a
Wood Pellets 53.0% Jetter et al., 2012
Wood Chips 31.0% GACC, 2015a
Ethanol from Sugarcane 53.0% Aprovecho Research Center, 2009
Ethanol from Wood 53.0% Aprovecho Research Center, 2009
Biogas from Dung 55.0% Singh etal., 2014

LPG 42.1%-45.2% Zhang et al., 2000
Kerosene 44.8%-45.9% Singh et al., 2014
Natural Gas 53.7%-60.9% Zhang et al., 2000
DME 46.0% Zhang et al., 2000
Hard Coal 27.2%-37.1% Zhang et al., 2000
Electricity 67.0% Aprovecho Research Center, 2006
Table A-2. Fuel Heating Values for China
Fuel Type HHV (MJ/kg) Sources
Firewood 15.3 Zhang et al., 2000
Crop Residue 14.0-14.5 Zhang et al., 2000
Charcoal Briquettes from Wood 27.86 Singh et al., 2014
Charcoal Briquettes from Bamboo 32.19 Singh et al., 2014
NMBA, 2005

Non-Carbonized Briquettes from Sawdust 18.6 Kaur et al., 2012

Grover et al., 1996

Davies et al., 2013

Vyas et al., 2015
Non-Carbonized Briquettes from Crop Residues 15.15 Zhang et al., 2000

Vyas et al., 2015
Wood Pellets 15.9 Jungbluth et al., 2007
Wood Chips 15.3 Zhang et al., 2000
Ethanol from Sugarcane 28.3 Aprovecho Research Center, 2009
Ethanol from Wood 28.3 Aprovecho Research Center, 2009
Biogas from Dung 18.2 Singh et al., 2014
LPG 49.0 Zhang et al., 2000
Kerosene 48.97 Singh et al., 2014
Natural Gas 51.3 Zhang et al., 2000
DME 28.4 Zhang et al., 2000
Hard Coal 13.9 Zhang et al., 2000
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A.2.2.1 Total Energy Demand

Table A-3 and Figure A-1 display the total energy demand impact results for fuels in China by
life cycle stage. Total energy demand sources consist of non-renewable fuels (natural gas,
petroleum, coal, and nuclear) and "renewable” fuels (e.g., biomass, hydro). Energy demand
tracks all energy inputs across the life cycle of the fuel, with energy impacts shown at the point
of use of the relevant fuel. Due to the complexity of the number of fuels used in the China
average electricity grid (79% coal, 14% hydro, 1.8% natural gas, 1.8% nuclear, 1.5% wind, 0.7%
biomass, 0.2% oil, 0.2% waste, and 0.1% solar PV per IEA statistics 2012), all total energy
demand impacts for electricity are displayed in the use phase.

The total energy demand results are largely a function of the fuel heating value and thermal
efficiency of the fuel and stove combination (Table A-2 and Table A-1). Stoves with higher
efficiencies (e.g., LPG, kerosene, biogas, ethanol, natural gas, DME, and wood pellets) have a
lower total energy demand overall, because more of the heating value of the fuel is converted
into useful cooking energy and therefore less fuel must be produced, transported, and burned to
deliver the same amount of cooking energy.

A number of observations can be made regarding energy results for the various types of fuels.
For sugarcane ethanol, the feedstock energy results include not only the energy value of the
sugar that is converted to ethanol but also the energy content of the bagasse, which provides the
majority of energy used to process the sugarcane to molasses and then to ethanol. Wood ethanol
energy demand impacts are lower than sugarcane since the wood residues are directly converted
to ethanol; whereas, the sugarcane ethanol undergoes more agricultural and pre-processing steps
to manufacture the ethanol end product. A co-benefit of ethanol production is the production of
electricity, which may be exported. As discussed in the Appendix B methodology, this model
employs the cut-off allocation methodology; therefore, a credit is not given here to the sugarcane
or wood ethanol for exported electricity, so the energy demand impacts for ethanol should be
considered as the upper bounds for these fuel types.

For wood fuels and unprocessed crop residues, the wood pellets and wood chips have a lower
total energy demand than traditional wood or crop residues. Wood chips and wood pellets
typically have a lower moisture content, greater energy content, and greater surface area than the
traditional solid biomass, which allows the fuel to combust more efficiently. It is also more
common to see improved cookstoves, which have higher stove thermal efficiencies, used in
combination with the wood chips and wood pellets in China. Crop residues, consisting of wheat
straw, rice straw, and maize straw in China have a comparably lower heating value than wood-
based fuels leading to relatively lower total energy demand impacts for crop residue fuels.

For briquettes, the energy demand impact for the carbonized briquettes from wood and bamboo
is relatively high compared to other fuels due to the lower stove efficiencies for charcoal
briquette stoves in China and the charcoal kiln energy impacts. That is, additional energy is
consumed when burning firewood at the kiln to produce charcoal prior to charcoal briquette
utilization in a cookstove. Similarly, in processing the commercially made non-carbonized
sawdust briquettes, sawdust is combusted to remove the moisture content of the briquettes,
which results in the slightly higher total energy demand of the sawdust briquettes compared to
other non-carbonized processed biomass fuels. As discussed in Appendix B, it is assumed that
90% of sawdust briquettes in China are produced commercially.
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Overall, liquid and gas fuels, which include piped natural gas and biogas, as well as processed
solid biomass fuels that do not require additional combustion of solid fuel for processing (e.g.,
wood pellets) are the fuels that show the lowest overall total energy demand impacts. Hard coal
shows the highest overall total energy demand due to the energy required for coal mining and
distribution and the low coal stove thermal efficiency. While DME is produced from coal
feedstock via gasification, slightly lower total energy demand impacts are seen for DME as
compared to coal due to its ability to be transported in lighter weight bottles and its application in
more efficient gas stoves.

Table A-3. Total Energy Demand (MJ) for Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock

Production | Processing  Distribution Use Total
Unprocessed | Firewood 0 0 0 32,391 32,391
solid biomass | crop residue 0 0 0 39,159 39,159
Charcoal briquettes from wood 0 23,868 0.78 28,308 52,177
Charcoal briquetes from 0 27,733 0.78 28,308 56,042
Processed SNa?A’I‘(;E‘::bO”iZEd briquettes from 0 35,624 171 16,568 52,194
solid biomass gggf:;&%l‘;ed briquettes from 0 516 0.012 15,122 15,638
Wood pellets 0 2,967 120 9,347 12,434
Wood chips 0 171 0.011 14,168 14,339
Ethanol from sugarcane 485 22,305 181 9,347 32,318
Ethanol from wood 0 3,201 0.13 9,347 12,548
Biogas from dung 0 0 0 9,014 9,014
Liquid/gas |LPG 1,379 974 91.0 11,349 13,794
Kerosene 3,537 24.8 91.8 10,924 14,577
Natural Gas 304 24.4 1,596 8,226 10,150
DME 17,566 50.7 3,295 10,769 31,681
Hard coal 21,318 4,270 3,252 15,409 44,249
Other Electricity 0 0 0 30,023 30,023
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Figure A-1. Total Energy Demand (MJ) for Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year
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A.2.2.2 Net Energy Demand

Table A-4 and Figure A-2 illustrate the net energy demand impact results for fuels in China by
life cycle stage. Net energy demand is calculated in the same way as total energy demand, with
the final energy delivered to the cooking pot deducted from the results. The net energy indicator
is, therefore, the additional energy required for the life cycle of the cookstove fuel beyond what
is delivered to the consumer for cooking purposes. For China, 13.6 MJ of cooking energy are
consumed per household per day, which equates to 4,954 MJ per household per year.® Utilization
of unprocessed solid biomass consumes 5.4 to 6.9 times more energy than is provided to the pot,
as listed in the last column of Table A-4. Similar levels of net energy demand are seen for hard
coal, DME, electricity and ethanol from sugarcane. The highest net energy demand in China is
realized for carbonized briquettes and non-carbonized briquettes from sawdust, which utilize
biomass energy in the processing life cycle stage. The lowest overall net energy demand is
calculated for non-carbonized briquettes from crop residues, wood pellets, wood chips, ethanol
from wood, biogas from dung, LPG, natural gas and kerosene. Production, processing,
distribution, and use of these less energy intensive fuels uses 0.82 to 2.16 times the amount of
energy delivered to the pot.

Table A-4. Net Energy Demand (MJ) Impacts by Fuel for China
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage Net Energy
Consumed:
Feedstock Delivered
Production Processing | Distribution Use Total Energy
Unprocessed | Firewood 0 0 0 27,437 27,437 5.54
bizor:::ss Crop residue 0 0 0 34205 | 34205 500
Charcoal briquettes 0 23,868 0.78 23354 | 47,223
from wood 9.53
Charcoal briquettes
from bambog 0 27,733 0.78 23,354 51,088 10.30
Non-carboniz
Processed br?qu(é?t:sofror?ud 0 35,624 171 11,614 | 47,240
_SOI'd sawdust 9.54
biomass Non-carbonized
briquettes from crop 0 516 0.012 10,168 10,685
residues 2.16
Wood pellets 0 2,967 120 4,393 7,480 151
Wood chips 0 171 0.011 9,215 9,385 1.89
Ethanol from 485 22,305 181 4393 | 27,364
sugarcane 5.52
Ethanol from wood 0 3,201 0.13 4,393 7,594 1.53
L. Biogas from dung 0 0 0 4,061 4,061 0.82
Liquidigas rps 1,379 974 91.0 6,395 | 8,840 1.78
Kerosene 3,537 24.8 91.8 5,970 9,623 1.94
Natural Gas 304 24.4 1,596 3,272 5,196 1.05
DME 17,566 50.7 3,295 5,815 26,727 5.40
Other Hard (?o_al 21,318 4,270 3,252 10,455 39,295 7.93
Electricity 0 0 0 25,069 25,069 5.06
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A.2.2.3 Global Climate Change Potential (100a)

Table A-5 and Figure A-3 present the global climate change potential (GCCP) impact results for
fuels in China by life cycle stage. The GCCP impact category represents the heat trapping
capacity of greenhouse gases over a 100 year time horizon. Fossil fuel GCCP impacts are
dominated by combustion emissions in the cookstove use stage. Coal has the highest impacts,
since it is derived from non-renewable carbon and the thermal efficiency of coal stoves (27.2%-
37.1%) is relatively low compared to the other fossil fuel options (e.g., natural gas stove
efficiency is 44.8%-45.9%) (Table A-1). Coal is widely used and transported long distances in
China, resulting in a notable contribution of GHGs from the distribution life cycle stage.
Electricity in China is derived primarily from coal (79%) and hydroelectric facilities (14.8%),
which is the primary reason its impacts are similar but slightly lower than coal.X° For consistency
with other fuels, the fuel combustion emissions associated with electricity generation have been
allocated to the use stage here, although electricity-related fuel combustion emissions do not
occur at the household level. Biogas GCCP impacts are primarily from methane leakage during
the production of biogas in an anaerobic digester. Sugarcane ethanol, crop residue (unprocessed
residues and crop residues briguettes), and charcoal briquettes from bamboo are derived from
renewable biomass that removed CO from the atmosphere during growth; therefore, the CO>
emissions released from combustion of these fuels is considered carbon neutral, as discussed in
detail in the Appendix B methodology. Impacts for these renewable fuels during the use phase
are driven by nitrous oxide and methane emissions during cookstove use. Impacts associated
with fertilizer production and emissions from application also play a role in the sugarcane
ethanol overall impacts.

Based on the trend in forest area in China and the annual generation of biomass per hectare, 57%
of the firewood required for cooking can be sustainably sourced; therefore, the combustion
emissions for the non-renewable 43% of wood are not considered carbon-neutral. This
adjustment is also applied to other wood fuels (wood-derived charcoal briquettes, wood pellets
and wood chips), but not to fuels derived from wood wastes (wood ethanol and non-carbonized
briquettes from sawdust). With the cut-off modeling methodology used in this analysis, wood
wastes are treated as a “free” product (all burdens are allocated to the primary wood product,
e.g., lumber, which is outside the scope of this study), so emissions of biomass CO; for fuels
derived from wood waste are treated as carbon neutral. For charcoal briquettes, GCCP impacts
for carbonization of the wood in the kiln are comparable in magnitude to the emissions from
combustion of the charcoal briquettes in a cookstove. Charcoal kiln impacts are largely driven by
the methane emissions during the carbonization process. Combustion emissions for bamboo-
derived charcoal briquettes are lower than for wood-derived charcoal briquettes because bamboo
is a renewable biomass crop so all combustion emissions are considered carbon-neutral, while
only 57% of the wood combustion emissions (for the renewable percentage of the wood supply)
are considered carbon-neutral.
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Table A-5. Global Climate Change (100a) Potential Impacts (kg CO2 eq) for Cooking Fuel
Types (China)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock

Production Processing Distribution Total

Unprocessed | Firewood 0 0 0 1,390 1,390
Bi,o,ﬂgss Crop Residue 0 0 0 271 271
Charcoal Briquettes from Wood 0 1,385 575 1,381 2,824

Charcoal Briquettes from Bamboo 0 1,211 57.5 227 1,496

Proce§sed lgl;vr\ll(-jﬁ;rbonized Briquettes from 0 816 126 562 264
Bﬁ)or:wlgss Non-Carbonized Briquettes from 0 86.9 088 110 198

Crop Residues ' '

Wood Pellets 0 212 8.15 729 949

Wood Chips 0 13.6 0.80 739 754

Ethanol from Sugarcane 395 26.2 13.0 4.74 439

Ethanol from Wood 0 259 9.75 4.74 404

Biogas from Dung 0 455 0 6.57 521

Liquid/Gas |LPG 112 6.70 94.5 717 930
Kerosene 165 62.5 6.45 793 1,027

Natural Gas 46.2 149 134 727 1,056

DME 732 188 336 456 1,711

Other Hard Coal 358 76.0 1,664 1,787 3,885
Electricity 0 0 0 2,458 2,458
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A.2.2.4  Black Carbon and Short-Lived Climate Pollutants

Table A-6 and Figure A-4 display the black carbon and short-lived climate pollutants impact
results for fuels in China by life cycle stage. Black carbon (BC) is formed by incomplete
combustion of fossil and bio-based fuels. BC is the carbon component of particulate matter (PM)
with aerodynamic diameter less than or equal to 2.5 microns (PM2.5). This is the size of PM that
most strongly absorbs light and thus has potential radiative forcing effects (i.e., potential to
contribute to global warming). Potential climate forcing impacts resulting from BC emissions
include direct, albedo (i.e., fraction of solar energy hitting the earth that is reflected), and other
effects. BC is emitted with other particles (e.g., organic carbon) and criteria pollutants such as
nitrogen and sulfur dioxides. Though some of these co-pollutants may exert a cooling effect on
climate, the net effects of BC emissions likely contribute to global climate warming. Appendix B
shows the 20 year global warming potential and black carbon equivalent values used in the
results calculation. Results are presented here based on BC equivalents. The highest BC impacts
are seen for charcoal briquettes produced in a traditional earth mound kiln, a processing method
associated with high particulate matter. However, charcoal briquettes are not a commonly used
cookstove fuel type in China. Utilization of the liquid and gas fuels result in the lowest overall
BC impacts. Some life cycle stages have negative BC equivalent impacts, which is the case when
emissions of SOy and organic carbon (pollutants with net cooling effects on the climate) are
greater than the emissions of BC and other co-emitted pollutants that lead to short term warming
impacts. This is the case for certain life cycle stages of coal as well as electricity derived from
coal. Coal, a material with a notable sulfur content, leads to high levels of sulfur dioxide
combustion emissions.

Table A-6. Black Carbon and Short-Lived Climate Pollutant Impacts (kg BC eq) for
Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Total
Unprocessed | Firewood 0 0 0 1.48 1.48
Solid Biomass | Crop Residue 0 0 0 3.43 3.43
Charcoal Briquettes from Wood 0 19.9 0.0082 1.27 21.2
Charcoal Briquettes from Bamboo 0 3.04 0.0082 1.27 4.32
Non-Carbonized Briquettes from 0 0.14 0.0085 0.48 063
Processed | Sawdust
Solid Biomass Non-Carbonized Briquettes from 0 0021 5.9E-05 0.73 071
Crop Residues
Wood Pellets 0 -0.052 7.1E-04 0.10 0.053
Wood Chips 0 0.0032 5.3E-05 1.08 1.09
Ethanol from Sugarcane -0.0086 -0.036 -0.0070 0.014 -0.038
Ethanol from Wood 0 0.0081 0.0014 0.014 0.023
Biogas from Dung 0 0 0 0.034 0.034
Liquid/Gas |LPG 0.014 -0.094 -0.030 0.023 -0.087
Kerosene -0.15 -0.023 -0.0011 0.011 -0.16
Natural Gas -0.018 2.5E-04 -3.6E-04 0.0074 -0.011
DME -0.15 0.43 -0.0034 -0.011 0.27
Other Hard Coal -0.024 0.20 0.090 -0.036 0.23
Electricity 0 0 0 -0.60 -0.60
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A.2.25 Particulate Matter Formation Potential

Table A-7 and Figure A-5 show the particulate matter formation impact results for fuels in China
by life cycle stage. Particulate matter can contribute to many negative health impacts such as
effects on breathing and respiratory systems, damage to lung tissue, cancer, and premature death.
Primary and secondary pollutants leading to particulate matter formation as well as PM2.5 are
characterized here to kg PM10 eg. Traditional biomass fuels and charcoal briquettes, scarcely
utilized cooking fuels in China, lead to the greatest particulate matter formation impacts. For
charcoal, the carbonization of the wood in the kiln dominates the overall life cycle impacts.
Charcoal from bamboo has slightly lower particulate matter impacts than wood charcoal. This is
because a larger portion of bamboo charcoal is estimated to be produced in brick kilns; whereas,
all wood charcoal in China is assumed to be produced in traditional earth mound kilns.
Commercial non-carbonized sawdust briquettes are also a fuel with one of the highest particulate
matter impacts due to particulate matter formation pollutants from the processing stage, for
combusting a portion of the briquette output to dry the briquettes. Advanced liquid fuels as well
as biogas, natural gas and wood pellets have comparably small particulate matter impacts. Most
of the particulate matter impacts for electricity are derived from the coal mix in the average
China electrical grid. The particulate matter impacts from fuel combustion for electricity
generation have been allocated to the use phase, although the actual particulate matter emissions
for electricity do not occur at the household level. Particulate matter impacts for DME, derived
from coal gasification, are associated with coal production in the feedstock stage.

Table A-7 Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking
Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production  Processing Distribution Total
UnpSrOf_zssed Firewood 0 0 0 7.36 7.36
oli
Biomass Crop Residue 0 0 0 16.9 16.9
Charcoal Briquettes from Wood 0 93.0 0.18 3.45 96.6
Charcoal Briquettes from Bamboo 0 9.98 0.18 3.45 13.6
Processed Non-Carbonized Briquettes from 0 26.9 0.22 209 29.2
- Sawdust
sSolid Non-Carbonized Briquettes from

Biomass . g 0 0.23 0.0015 3.01 3.25

Crop Residues
Wood Pellets 0 0.57 0.020 0.51 1.10
Wood Chips 0 0.052 0.0014 4.59 4.65
Ethanol from Sugarcane 0.56 0.17 0.094 0.0021 0.83
Ethanol from Wood 0 0.95 0.054 0.0067 1.01
Biogas from Dung 0 0 0 0.38 0.38
Liquid/Gas | LPG 0.79 0.018 0.015 0.16 0.98
Kerosene 1.04 0.0054 0.021 0.088 1.15
Natural Gas 0.096 0.0034 0.088 0.095 0.28
DME 3.29 0.034 0.18 0.23 3.73
Hard Coal 0.87 1.25 0.71 0.53 3.37

Other —

Electricity 0 0 0 6.61 6.61
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Figure A-5. Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year
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A.2.2.6  Fossil Fuel Depletion

Table A-8 and Figure A-6 provide the fossil fuel depletion impact results for fuels in China by
life cycle stage. Fossil depletion captures the consumption of fossil fuels, primarily coal, natural
gas, and crude oil. All fuels are normalized to kg oil eq based on the heating value of the fossil
fuel relative to the heating value of a kg of oil. The fossil depletion associated with traditional
biomass fuels as well as biogas and ethanol from wood is negligible, as these fuels are not
derived from fossil fuel, and collection of these fuels is done manually. While biomass fuels are
not derived from fossil fuels, some fossil fuels may be consumed across the life cycle of these
fuels for energy inputs to fuel production and processing, distribution, and disposal. Fossil
depletion for wood pellets is associated with electricity usage for pelletization and some
transport, while sugarcane ethanol fossil depletion is primarily from fertilizers during cane
production, as well as diesel for farm operation and distribution of the feedstock and fuel. Some
fossil depletion impacts are also seen for processing the wood chips and non-carbonized
briquettes for the portions of these fuels that are not processed manually (as discussed in detail in
Appendix B, 90% of non-carbonized and carbonized wood/bamboo briquetting is modeled as
mechanized in China, and 100% of wood chipping is modeled as mechanized in China). Fossil
depletion impacts are highest for coal, LPG, natural gas, kerosene and electricity, as these
sources of energy are largely or entirely derived from fossil fuels. The greatest impacts are seen
for coal. Although coal has a lower kg oil eq per MJ extracted compared to crude oil or natural
gas due to its lower heating value, the lower coal stove thermal efficiencies (27-37%) compared
to the more efficient gas stoves (54-61%, as shown in Table A-1) leads to this relatively high
fossil depletion for the coal stove scenario.

Table A-8. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Total
Unprocessed Firewood 0 0 0 0.012 0.012
solid biomass | Crop residue 0 0 0 0.076 0.076
Gharcoal briquettes from 0 0.92 0.019 0.030 0.97
g:rf]fgj' briquettes from 0 0.99 0.019 0.077 1.09
P_roce_zssed Non-carbonized briquettes 0 12.3 0.041 0.012 12.4
solid biomass | from sawdust
fNrgrrr‘{i"r‘L%Orr‘e';%‘tEsr'q“enes 0 16.9 2.8E-04 0.0028 16.9
Wood pellets 0 411 0.15 8.9E-04 41.2
Wood chips 0 4.07 2.6E-04 0.0040 4.07
Ethanol from sugarcane 60.3 13.8 4.29 0 78.5
Ethanol from wood 0 2.61 0.0032 0 2.62
Biogas from dung 0 0 0 0 0
Liquid/gas |LPG 31.9 225 211 262 319
Kerosene 81.3 0.57 211 251 335
Natural Gas 7.23 0.58 37.9 195 241
DME 305 0.88 57.2 187 550
Other Hard coal 377 75.4 57.5 272 782
Electricity 0 0 0 474 474
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Figure A-6. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year

A-16




Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

A.2.2.7 Water Depletion

Table A-9 and Figure A-7 illustrate the water depletion impact results for fuels in China by life
cycle stage. Water depletion results are based on the volume of fresh water inputs over the life
cycle of the assessed fuels. Water may be incorporated in the fuel product, evaporated, or
returned to the same or different water body or to land. If the water is returned to the same water
body, it is assumed the water is returned at a degraded quality, and therefore is considered
consumptive use. Water consumption includes evaporative losses from establishment of
hydroelectric dams but does not include the water passing through the turbine, since that water is
not removed from its source. The hydropower in the electricity mix (source of 14.8% of
electricity in China)'! drives the overall water depletion impacts for electricity. In this case, for
simplicity, electricity impacts have been allocated to the use life cycle stage. Water depletion
associated with wood pellets and biomass briquettes is also due to electricity usage during
pelletization/briquetting. Water depletion impacts are also notable for sugarcane ethanol, as
irrigation is required for the cane production. Some water depletion impacts are also seen for the
biogas to maintain the digester, but these are negligible when compared to the evaporative losses
from hydropower in the electricity grid. Water depletion impacts are negligible for the traditional
biomass fuels, which are not irrigated. Because the water content of these fuels comes from the
atmosphere as rainfall, the water released back to the atmosphere when the biomass is dried or
combusted is not considered consumptive use.

Table A-9. Water Depletion Impacts (m* H20) for Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing ~ Distribution Total
Unpsrgfi?jssed Firewood 0 0 0 0.093 0.093
Biomass Crop Residue 0 0 0 0.58 0.58
Charcoal Briquettes from 0 5.65 1.8E-04 0.23 5.88
Wood

charcoal Briquettes from 0 5.47 1.8E-04 0.23 5.70

Processed | Non-Carbonized Briquettes 0 74.8 3.9E-04 0.091 74.9
i vt 0 103 2.7E-06 0.022 103
Wood Pellets 0 251 23.3 0.0044 275

Wood Chips 0 4.21 2.5E-06 0.031 4.24

Ethanol from Sugarcane 274 66.3 2.53 0 343

Ethanol from Wood 0 23.3 3.0E-05 0 23.3

Biogas from Dung 0 5.16 0 0 5.16

Liquid/Gas | LPG 267 7.97 7.74 0 283
Kerosene 34.7 315 8.70 0 358

Natural Gas 17.3 0.97 10.3 0 28.6

DME 101 15.0 20.3 0 136

Other Hard Coal 47.4 55.9 242 331 378
Electricity 0 0 0 2,598 2,598
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Figure A-7. Water Depletion Impacts (m? H20) for Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year
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A.2.2.8 Terrestrial Acidification Potential

Table A-10 and Figure A-8 show the terrestrial acidification potential impact results for fuels in
China by life cycle stage. Terrestrial acidification quantifies the acidifying effect of substances
on their environment. Important contributing emissions include SOz, NOx, and NHs.
Acidification impacts are dominated by coal usage, either as a direct fuel or as an input to
electricity generation, and as feedstock for DME. Electricity usage for pelletization drive
biomass pellet acidification impacts. Sulfur dioxide emissions from coal are notably higher than
sulfur dioxide emissions from combustion of other fuels. Ethanol contains no sulfur, so there are
no sulfur dioxide emissions, a main cause of acidification, for the ethanol cookstove use stage.
No NOy emissions data for ethanol combustion in a cookstove were available, although
qualitative reports stated that ethanol combustion leads to minimal nitrogen oxide emissions. The
lowest overall acidification impacts are seen for natural gas, ethanol from wood, and biogas.
Because land applied digested sludge from biogas production is used by another product system,
it is considered to be outside the system boundaries for this analysis; however, it is possible that
this land applied digested sludge could lead to emissions of ammonia, an acidifying substance.

Table A-10 Terrestrial Acidification Potential Impacts (kg SO:2 eq) for Cooking Fuel
Types (China)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production  Processing  Distribution Total
UnpéOf_%ssed Firewood 0 0 0 1.43 1.43
oli
Charcoal Briquettes from Wood 0 0.062 0.42 1.01 1.50
Charcoal Briquettes from Bamboo 0 0.056 0.55 1.01 1.62
Processed Non-Carbonized Briquettes from 0 063 053 028 144
- Sawdust
Solid Non-Carbonized Briquettes from

Biomass - g 0 0.75 0.0037 0.38 1.13

Crop Residues
Wood Pellets 0 1.81 0.045 0.17 2.02
Wood Chips 0 0.10 0.0033 0.47 0.58
Ethanol from Sugarcane 1.52 0.75 0.30 0 2.57
Ethanol from Wood 0 0.53 0.071 0 0.61
Biogas from Dung 0 0 0 0.53 0.53
Liquid/Gas | LPG 3.06 0.058 0.036 0.23 3.38
Kerosene 4.07 0.017 0.062 0.15 4.30
Natural Gas 0.41 0.0070 0.25 0.18 0.84
DME 4.61 0.11 0.49 0.66 5.86
Hard Coal 3.92 0.67 1.73 1.60 7.92

Other —

Electricity 0 0 0 21.2 21.2
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Figure A-8. Terrestrial Acidification Potential Impacts (kg SOz eq) for Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year
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A.2.29 Freshwater Eutrophication Potential

Table A-11 and Figure A-9 provide the freshwater eutrophication potential impact results for
fuels in China by life cycle stage. Eutrophication assesses the impacts from excessive load of
macro-nutrients to the environment and eventual deposition in freshwater, which can result in
algal blooms, oxygen depletion, and fish kills. Pollutants contributing to this category are all P
based (e.g. phosphate, phosphoric acid, phosphorus). Traditional fuels (firewood and crop
residues) and charcoal briquettes result in the highest eutrophication potential impacts. This is
due to the much larger ash quantity produced from these fuel types compared to all other fuels.
The ash from the firewood (used in its raw form or to produce charcoal briquettes) and from the
crop residues, which contains phosphorus, is assumed to be land applied, which leads to soil
emissions and eventual runoff into freshwater. Waterborne emissions of phosphorus are also
notable for coal production, including the coal feedstock production utilized in the electricity
grid and for gasification to DME. While impacts are comparably smaller for ethanol, there are
some eutrophication impacts occurring from use of phosphorus-based fertilizer in sugarcane
production. There are no eutrophication impacts associated with biogas. Application of the
digested sludge from the biogas system would likely lead to some eutrophication impacts, but
utilization of this useful co-product is outside the system boundaries of this study. The digested
sludge impacts are allocated to the product system it serves (i.e. nutrients for crop production).
Impacts from fossil based fuels and biomass pellets are minimal compared to the traditional fuels
and charcoal briquettes. The non-carbonized processed biomass fuels have slightly lower
eutrophication potential impacts than traditional unprocessed biomass fuels. Because processed
biomass burns more efficiently than unprocessed biomass, less fuel must be burned, leading to an
overall lower quantity of ash produced.
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Table A-11. Freshwater Eutrophication Potential Impacts (kg P eq) for Cooking Fuel
Types (China)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock
Production | Processing Distribution Total
Unprocessed | Firewood 0 0 0 0.30 0.30
B;Soor::gss Crop Residue 0 0 0 1.88 1.88
Crarcoal Briquettes from 0 0.63 2.1E-07 0.75 138
Charcoal Briquettes from 0 0.063 2.1E-07 0.75 0.81
Prg%e“sged :c\lon-Carbonized Briquettes 0 0.10 4 5E-07 0.29 0.40
; rom Sawdust
Blomass Non-Carbonized Briquettes
from Crop Residues 0 0.011 3.1E-09 0.071 0.082
Wood Pellets 0 0.027 0.0024 0.014 0.043
Wood Chips 0 5.9E-04 2.8E-09 0.10 0.10
Ethanol from Sugarcane 0.16 0.011 3.5E-04 5.3E-06 0.17
Ethanol from Wood 0 0.023 3.5E-08 5.3E-06 0.023
Biogas from Dung 0 0 0 0 0
Liquid/Gas |LPG 0.038 8.4E-04 6.0E-04 0 0.040
Kerosene 0.050 2.5E-04 0.0010 0 0.051
Natural Gas 0.0015 1.1E-04 0.0018 0 0.0034
DME 0.31 0.0016 0.0036 0 0.31
Other Hard (_:c_)al 0.39 0.020 0.028 0.0042 0.44
Electricity 0 0 0 0.31 0.31
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Figure A-9. Freshwater Eutrophication Potential Impacts (kg P eq) for Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year
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A.2.2.10 Photochemical Oxidant Formation Potential

Table A-12 and Figure A- present the photochemical oxidant formation potential impact results
for fuels in China by life cycle stage. The photochemical oxidant formation (i.e., smog
formation) results are an indicator of the potential for formation of reactive substances that cause
harm to human health and vegetation. Results are characterized here to kg of non-methane
volatile organic compounds (NMVOC) eq. Some key emissions for cookstove fuel systems that
contribute to photochemical oxidant formation include carbon monoxide, methane, nitrogen
oxides, NMVOCs, and sulfur dioxide. Traditional biomass fuels and charcoal briquettes lead to
the greatest photochemical formation impacts, with charcoal briquettes from bamboo having the
highest overall impacts. For charcoal briquettes, impacts are split between the fuel processing
stage (carbonization in a kiln) and the use stage. Higher emissions of NMVOCs were
documented for the brick Kilns used to produce bamboo charcoal briquettes compared to the
earth mound kilns used for wood charcoal briguettes, leading to the overall higher photochemical
oxidant formation seen for bamboo charcoal briquettes relative to charcoal briquettes from wood.
Photochemical oxidant impacts for electricity are primarily associated with utilization of hard
coal in the grid mix. Impacts from fuel combustion emissions for electricity generation have
been allocated to the use stage here for simplicity, but impacts do not occur at the household
level. Photochemical oxidant formation impacts are relatively small for the liquid fuels,
processed non-carbonized biomass, natural gas, and biogas.

Table A-12. Photochemical Oxidant Formation Potential Impacts (kg NMVOC eq) for
Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production  Processing Distribution Total
Unprocessed | Firewood 0 0 0 8.96 8.96
Bi)or::gss Crop Residue 0 0 0 125 125
Charcoal Briquettes from Wood 0 26.3 0.73 24.9 51.9
Charcoal Briquettes from Bamboo 0 94.7 0.73 24.9 120
Processed gon-Carbonized Briquettes from 0 1.34 0.90 337 561
; awdust
-SOIId Non-Carbonized Briquettes from
Biomass . 0 0.33 0.0063 5.16 5.49
Crop Residues
Wood Pellets 0 0.80 0.067 0.51 1.37
Wood Chips 0 0.18 0.0057 9.59 9.77
Ethanol from Sugarcane 0.84 0.23 0.23 0.31 1.61
Ethanol from Wood 0 0.094 0.12 0.31 0.53
Biogas from Dung 0 0.018 0 0.54 0.56
Liquid/Gas |LPG 1.33 0.026 0.086 0.54 1.98
Kerosene 1.69 0.010 0.044 0.36 2.10
Natural Gas 0.38 0.0038 0.40 0.33 1.12
DME 0.86 0.050 8.58 0.47 9.97
Other Hard Coal 0.88 0.35 2.76 1.95 5.94
Electricity 0 0 0 9.26 9.26

A-24



Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

kg NMVOC eq/Households per year

M Feedstock Production m Processing  ® Distribution m®mUse @ Total
140
— 120
120
100
80
519
60
40
896 125 9.97 9.26
, . 5.49 594 7
20 / ' 5.61 1370181 055 o055 821034 i
0*_ **_._——o—_._ ._._—o—_‘_-*—
o - v a v w w - ?;
§ 3 g 8 s & & & £ 3 g g § & z 8 %
q;, b1} E S D 2 s % = tE’ 8 B o T
F = E 3 Q v 3 @ £ S & E kS g
= ] £ £ £ o 8 S @ 2 E = B o
S = o <] 9 2 = £ Y “n z
8 E s 2 = 5 g 5
£ 2 2 3 2
§ 3 3§ 8
2 v = 5
o 8 S ©
o £ %
: §
= 8
&
5]
=
Unprocessed solid Processed solid biomass Liquid/gas Other
biomass

Figure A-10. Photochemical Oxidant Formation Potential Impacts (kg NMVOC eq) for Cooking Fuel Types (China)
To produce, distribute and use cooking fuels by a single household per year
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A.2.3 Economic Indicators for China

A.23.1 Fuel Use

Figure A- shows the percentages of the population in China using various types of fuel as their
primary cooking fuel. Fuel use is divided fairly evenly among three main fuels, with LPG, coal,
and biomass each used as the primary cooking fuel by about 30 percent of the population. Just
over 10 percent of the population uses electricity. 12 China is unique among the Phase 1 countries
in its high use of coal and electricity for cooking.

Other fuels, such as kerosene, biogas, charcoal briquettes, and dung cakes are used by a
relatively small percentage of the population.'3!4 There is no reported use of ethanol or bamboo
charcoal briquettes for cooking.*® Ethanol is commonly used in China as a transportation fuel.
Bamboo, if used for cooking, is normally burned in unprocessed form.

LPG, natural gas, coal gas, electricity, and biomass pellets are primarily available in urban areas.
In rural areas, fuels such as coal, firewood, non-carbonized briquettes and biogas systems are
more common. ‘6 No data breaking out urban and rural use of cooking fuels were found for
China.

0,
0.30% ***; 40

2.40%
H PG

m Coal

M Biomass
m Charcoal
M Electricity
m Kerosene
M Biogas

m All other fuels

Source: GACC, 2014c; NBS China, 2008

Figure A-11. Current Cooking Fuel Mix in China

A.2.3.2  Fuel Imports, Exports, Production, and Demand in China

Table A-13 shows the levels of imports, exports, production, and demand (assumed to be equal
to current consumption) of several fuels in China. The data on total and household demand do
not differentiate between fuel use for cooking and fuel use for other purposes such as heating.
The table shows that China is essentially self-sufficient in its LPG production, with domestic
production meeting nearly all of its demand. !” Nearly 75 percent of LPG demand is by
households. Similarly, most of China’s charcoal demand is met through domestic production,*®
but charcoal is not often used for cooking in China,'®?° so this is likely used for manufacturing,
construction or other purposes.

China’s ethanol production, at 7 billion liters,? is the highest of the Phase 1 countries. About 35
percent of this is used in beverages, with the remaining 65 percent used for ethanol for fuel and

A-26



Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

other industrial chemicals,?? and little to no use as a cooking fuel.?® In China, ethanol is currently
manufactured predominantly from grains (mostly corn and wheat) rather than from the sugarcane

or sawdust feedstocks that are in the scope of this report, although the government has been
promoting other non-food grain feedstocks, so this may change in the future.?* Trade in ethanol
is low in China largely due to government policies, including a ban on using imported fuel
ethanol in the transportation sector. A trial importation of ethanol to study the economics and
trading channels for ethanol was carried out in 2014, so ethanol trade to and from China could
increase in the future.®

China’s production of firewood is relatively high, at 178.8 million tonnes in 2013,2® but this
number may only capture firewood that is formally traded but not wood gathered by the end user
for cooking purposes. Production of wood pellets is relatively insubstantial compared to the
leading fuels. Of the 100,000 tonnes of wood pellets produced, 90,000 tonnes are consumed
domestically. Production of wood chips is relatively high, at 39.4 million tonnes, supplemented
by another 9.2 million tonnes that are imported, but there is no data on how much of this is
consumed in China.?"#

Table A-13. Fuel Imports, Exports, Production, and Demand in China

(Tonnes per Year)

Demand
Fuel Imports Exports | Production Total Household Sources
LPG 3,495,600 | 1,190,900 21,263,400| 21,759,700 |16,071,500 UNSD, 2011
UNSD, 2013
Ethanol 171 1,383 5,565,195 553,585 No data OECDIFAO, 2014
. UNSD, 2013
Firewood 5,110 48 | 178,830,986 No data No data FAO, 2014
Charcoal Briquettes | 233,340 52,329 1,715,504| 1,896,515 No data UNSD, 2011
UNSD, 2013
Wood Pellets No data 3,293 100,000 90,000 No data FAO, 2014
IEA Bioenergy, 2011
. UNSD, 2013
Wood Chips 9,157,137 69 39,355,000 No data No data FAO. 2014
A.2.3.3  Fuel Cost in China

Figure A-12 shows the price per household per year for the cooking fuels in China for which
data are available. LPG is by far the most expensive fuel, at about $196 per household per year,?°
although this might be offset to some extent by local government subsidies based on income
level.® The annualized cost of the digesters used to produce biogas from animal dung or crop
residue is approximately $24 per year.31:3 In general, fuel prices tend to be higher in rural than

urban areas.®?
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Figure A-12. Fuel Cost Indicator for Cooking Fuels in China

A24 Social Indicators for China

A.24.1  Government Policies/Programs

Due in part to large-scale afforestation programs reported between 2000 and 2010, China has
shown an overall trend of approximately two percent increase in forest land per year over recent
years.3* These improvements, however, have not led to complacency and the Chinese
government remains vigilant about deforestation. As such, the government has promoted fuels
such as wood pellets and non-carbonized wood briquettes (larger pellets) that use the country’s
biomass supplies more efficiently.®® As of 2014, 58 percent of biomass pellet and briquette
producers used government subsidies, with those subsidies covering between 5 and 60 percent of
production costs. In addition to providing subsidies aimed at helping producers scale their
operations in a highly competitive and fragmented market, the government also provides
distribution assistance for 26 percent of biomass pellet and briquette producers and
manufacturers. Despite these interventions, 9 percent of pellet and briquette producers maintain
they need more government support to overcome key market constraints.3®

In addition to nontraditional fuels derived from wood, the Chinese government has also
promoted the use of ethanol. China’s 12" Five Year Plan (2011-2015) set goals for increasing
biomass and biofuel production—including the development of cellulosic ethanol—and as of
2014, China has seven plants licensed for fuel ethanol production.®” These plants use a variety of
feedstocks, though corn (76 percent of total production) and wheat (14 percent) are the most
common. Cassava (8 percent), sweet sorghum (less than 1 percent) and corn cobs (1 percent),
currently represent small shares of China’s ethanol feedstock portfolio, but the government has
actively encouraged their use since 2008 so corn and wheat are not diverted from food supplies.
Cassava and sweet sorghum, however, still compete with food grains for arable land.*8Although
government subsidies for fuel ethanol predate the shift away from food-grain feedstocks, the use
of subsidies in the mid-2000s suggests the government’s willingness to provide incentives
focused on the adoption of ethanol.*°

A-28



Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

The government has also supported a variety of initiatives to promote biogas use in domestic
settings within rural areas. In addition to the central government’s ten-year effort to support the
production of biogas from crop residues,*® some provincial governments provide subsidies or
low-interest loans to help supply rural household with biogas digesters using animal dung.**

A.24.2 Supply & Access Challenges

Fuels assessed in this study for which data are available fall into three broad categories: 1) fuels
that are available but are used for purposes other than cooking, 2) fuels that have some
distribution, but only in certain environments (e.g., peri-urban and affluent rural areas), and 3)
fuels that have widespread uptake and are reliably available in rural areas. The primary fuel in
the first category is ethanol. China is producing ethanol in substantial quantities, but it is used
primarily for biofuel in the transportation sector and not for cooking.* In the second category is
LPG. Approximately 20 years ago there was a boom in LPG use in cities, but since then, use has
transitioned to peri-urban environments and wealthy rural settings.*® Given this shift, it seems
reasonable to conclude that LPG is more reliably acquired in these new locations.

Biogas from crop residue** and biogas from animal dung fall into the final category: fuels that
have widespread adoption and can be acquired reliably in rural environments.*>4¢ Unlike other
fuels, where feedstock availability might be a key concern, reliability of acquisition for biogas
pertains more to the presence of distribution and technical support networks. The widespread
adoption of both forms of biogas systems indicate that such networks are available: China has
over 38.51 million households using crop residue biogas systems*” and 3.5 million using animal
dung biogas systems.*® With strong governmental support, China’s implementation of household
biogas is “continuously ranked first in the world and has the widest scope and most extensive
impacts.”*® Naturally, these impacts are most pronounced in rural environments where ample
feedstocks are available. For example, municipalities without substantial farming sectors, such as
Beijing, Shanghai, and Tianjin, have far fewer biogas systems.>

A.2.4.3 Distribution & Adoption Challenges

The primary challenge facing the distribution of alternative fuels in China is the displacement of
coal. Coal is popular, widely available, and cheap, making it difficult for nontraditional fuels to
gain market share.” In rural areas where firewood and agricultural residues are more commonly
used for cooking, the displacement of coal tends to be less challenging but still faces barriers.
Due to increasing wage rates for the rural workforce (wages increased by a factor of almost
twenty-eight from 1995 to 2010) and a slower rate of increase of coal prices (a factor of sixteen
and a quarter over the same time period), the opportunity cost of manually collecting and
processing fuel has increased substantially relative to coal prices.>

Limited awareness of the benefits of alternative fuels compared to coal is also a key challenge in
China. In order to combat this, the successful promotion of alternative fuels will likely require
highlighting the potential for energy cost savings and focusing on heads of households who tend
to make fuel purchasing decisions. These decision makers are presumably men given that past
fuel promotion initiatives have not been marketed towards women and have not emphasized
gender-based issues such as women’s increased exposure to indoor air pollution while cooking.>®

Challenges are documented for three fuels: charcoal briquettes from bamboo, biogas from animal
dung, and LPG. Although bamboo is available and burned as an unprocessed cooking fuel in
some regions of China, it is not currently used for briquettes. The distribution of charcoal
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briquettes from bamboo would therefore compete with the convenience of burning raw bamboo
and would also face the challenge of displacing a number of competing, non-cookfuel uses for
bamboo.>* The primary challenge facing the wide-scale adoption of biogas from animal dung at
the household level relates to the shift from individual cultivation of livestock to industrial
farming. The rise of industrially-farmed livestock and poultry has led to a reduction in
household-level access to the raw materials for biogas digesters.>® For LPG, the primary concern
relates to maintenance of the cylinders: although there are local safety resources available,
people perceive such maintenance and licensing procedures as a waste of time and money.*®

A.24.4  Protection & Safety

Chinese households are most likely to adopt nontraditional fuels for cooking when they can use
that same fuel for heating. As such, when end-users are considering safety impacts, they often
approach the issue with both uses in mind. For example, such households might take into
consideration overnight fuel consumption and the increased potential for burns associated with
stove operation during non-cooking hours.>” Collection of animal dung, crop residues, and
firewood usually occurs somewhat close to the household, and no safety issues were found in the
literature. However, users of biogas systems, for which dung and crop residues are feedstocks, do
express concerns about explosions.>® For purchased fuels considered in this analysis (e.g., LPG
or ethanol), no safety issues during the purchase of the fuels were found within the literature.

A.2.45 Time & Drudgery

In China, the only fuel for which time savings estimates are available is firewood. Time
estimates located in the literature are limited to a specific gender and season: women in rural
areas spend between 1.2 and 9.6 hours each week in winter gathering fuel.>® However, some high
level insights are available to put this in perspective. One study found that the opportunity cost of
one day of fuelwood gathering is more than twice as high as the cost of five days’ worth of
coal.®® With respect to cooking times over firewood in rural China, women spend between 11.9
and 23.9 hours per week in winter compared to between 0.6 and 2.7 hours per week for their
male counterparts.5!

Although corresponding time savings data are not available for other fuels, these findings
illustrate that for women who are collecting and cooking over traditional biomass, wood
alternatives and fuel efficient cookstoves can reduce their unpaid carework burdens. This leads to
increased time for them to complete other responsibilities and can increase gender equality in the
household.

A.2.46 Income Earning Opportunities

Given the novelty of the feedstock-fuel combinations in the present study, limited information
regarding the income earning opportunities associated with specific cooking fuels is available.
China is home to established small enterprises that are producing noncarbonized briquettes,
chips, and pellets from wood. Opportunities are assumed to be present within these industries
despite the lack of available data.®?> More detail is available for distribution opportunities
associated with biogas from animal dung. Through state funding, China’s household biogas
service system has expanded rapidly to include six provincial training bases, 536 county-level
service stations, and 64,576 rural service networks. This infrastructure, in conjunction with a
workforce of over 300,000 involved with biodigester construction, installation, and follow-up
services, suggests the presence of substantial income earning opportunities.®®
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A.2.4.7 Opportunities for Women Along the Value Chain

According to the Global Alliance for Clean Cookstoves 2013 Results Report, the clean
cookstove industry in China currently has 8,064 employees (28 percent of whom are women).%
However, there are currently no data available to estimate potential increases of skills for women
with respect to specific fuels. Although women are the primary cooks in China, industry is only
beginning to acknowledge the importance of incorporating them into the supply chain.®®
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A.3 Detailed Results for India
A3.1 Overview of India

India is the second most populous country in the world, with almost 1.3 billion residents; the
environmental, economic, and social implications of cooking fuel use therefore have large-scale
effects.

Over two-thirds of the population of India still use solid fuels, such as firewood, crop residues, or
dung, for cooking.®® In February 2016, the government announced budget plans to set aside
2,000 crore to meet the initial cost of providing cooking gas connections to every rural household
to protect the almost 142 million rural households from the “curse of smoke.” " Cooking fuel
affordability is a key issue, as approximately 33 percent of the Indian population lives below the
poverty line, surviving on $1.25 per day.%

In 2010, 31 percent of India’s population lived in urban areas and 69 percent in rural areas.®® The
mix of cooking fuels used is quite different in each. Rural households have more access than
urban households to biomass fuels that are free for the gathering, such as dung, firewood, and
crop residues, while processed fuels such as LPG and kerosene are more readily available in
urban areas. Access to fuel is also affected by seasonal weather, as rural households may be
unable to gather biomass fuels on a regular basis during the monsoon season.

Adequate supply of fuels to sustainably support demand is an important consideration. For
example, although India has shown an overall trend of an approximately 2 percent increase in
forest land per year in recent years,” the increases are not sufficient to meet all of the country’s
demand for firewood and other wood-derived cooking fuels.

Finally, cultural preferences are an important consideration. For example, there is a strong
preference in India for the smell and taste of bread prepared using firewood, while fuel’s
influence on taste is generally not an issue for foods cooked in water (e.g., lentils, rice, and
curries).”* For homes where the cooking fire serves additional purposes (e.g., providing heat or
light), changes to the cooking fuel or type of cookstove would likely require the household to use
other fuels for these functions.

The following sub-sections address the environmental, economic, and social considerations
related to cooking fuels and stoves for India in greater detail.

A.3.2 Environmental Indicators for India

This section covers the detailed India LCA results for the ten environmental indicators assessed
for each fuel. The stove thermal efficiency by fuel and the fuel heating values employed in this
study to calculate the LCA results are provided in Table A-14 and Table A-15, respectively. The
remainder of this section presents results for each environmental indicator.

Table A-14. Stove Thermal Efficiencies Applied by Fuel Type for India

Fuel Type Stove Thermal Efficiency Sources
Firewood 13.5% Singh et al., 2014
Crop Residue 11.0% Singh et al., 2014
Dung Cake 8.5% Singh et al., 2014
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Table A-14. Stove Thermal Efficiencies Applied by Fuel Type for India

Fuel Type Stove Thermal Efficiency Sources
Charcoal Briquettes from Wood 17.5% Singh et al., 2014
Charcoal Briquettes from Bamboo 17.5% Singh et al., 2014
Non-Carbonized Briquettes from Sawdust 25.5% GACC 2015a
Urban Uganda, 2015
Non-Carbonized Briquettes from Crop Residues 31.0% GACC 2015a
Wood Pellets 53.0% Jetter et al., 2012
Wood Chips 31.0% GACC 2015a
Ethanol from Sugarcane 53.0% Aprovecho l;gggarch Center,
Ethanol from Wood 53.0% Aprovecho Research Center,
2009
Biogas from Dung 55.0% Singh et al., 2014
LPG 57.0% Singh et al., 2014
Kerosene 47.0% Singh et al., 2014
Hard Coal 15.50% Singh et al., 2014
Electricity 67.0% Aprovecho Research Center,
2006
Table A-15. Fuel Heating Values for India
Fuel Type HHYV (MJ/Kkg) Sources
Firewood 15.84 Singh et al., 2014
Crop Residue 14.62 Singh et al., 2014
Dung Cake 13.25 Singh et al., 2014
Charcoal Briquettes from Wood 27.86 Singh et al., 2014
Charcoal Briquettes from Bamboo 32.19 Singh et al., 2014
NMBA, 2005
Non-Carbonized Briquettes from Sawdust 18.8 Kaur et al., 2012
Vyas et al., 2015
Non-Carbonized Briquettes from Crop Residues 16.84 Vyas et al., 2015
Wood Pellets 17.94 Singh et al., 2014
Jetter et al., 2012
Wood Chips 15.84 Singh et al., 2014
Ethanol from Sugarcane 28.33 Aprovecho Research Center, 2009
Ethanol from Wood 28.33 Aprovecho Research Center, 2009
Biogas from Dung 18.2 Singh et al., 2014
LPG 53.37 Singh et al., 2014
Kerosene 48.97 Singh et al., 2014
Hard Coal 16.30 Singh et al., 2014
A3.2.1 Total Energy Demand

Table A-16 and Figure A-13 display the total energy demand impact results for fuels in India by
life cycle stage. Total energy demand sources consist of non-renewable fuels (natural gas,
petroleum, coal, and nuclear) and "renewable" fuels (e.g., biomass, hydro). Energy demand
tracks all energy inputs across the life cycle of the fuel, with energy impacts shown at the point
of use of the relevant fuel. Due to the complexity of the number of fuels used in the India
average electricity grid (71% coal, 11% hydro, 8% natural gas, 3% nuclear, 2.5% wind, 2% oil,
1.7% biofuels, 0.2% solar PV, and 0.09% waste per IEA statistics 2012), all total energy demand
impacts for electricity are displayed in the use phase.
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The total energy demand results are largely a function of the fuel heating value and thermal
efficiency of the fuel and stove combination (Table A-14 and Table A-15). Stoves with higher
efficiencies (e.g., LPG, kerosene, biogas, ethanol, and biomass pellets) have a lower total energy
demand overall, because more of the heating value of the fuel is converted into useful cooking
energy and therefore less fuel must be produced, transported, and burned to deliver the same
amount of cooking energy.

A number of observations can be made regarding energy results for the various types of fuels.
For sugarcane ethanol, the feedstock energy results include not only the energy value of the
sugar that is converted to ethanol but also the energy content of the bagasse, which provides the
majority of energy used to process the sugarcane to molasses and then to ethanol. Wood ethanol
energy demand impacts are lower than sugarcane since the wood residues are directly converted
to ethanol; whereas, the sugarcane ethanol undergoes more agricultural and pre-processing steps
to manufacture the ethanol end product. A co-benefit of ethanol production is the production of
electricity, which may be exported. As discussed in the Appendix B methodology, this model
employs the cut-off allocation methodology; therefore, a credit is not given here to the sugarcane
or wood ethanol for exported electricity, so the energy demand impacts for ethanol should be
considered as the upper bounds for these fuel types.

For wood fuels and unprocessed crop residues, the wood pellets and wood chips have a lower
total energy demand than traditional wood or crop residues. Wood chips and wood pellets
typically have a lower moisture content, greater energy content, and greater surface area than the
traditional solid biomass, which allows the fuel to combust more efficiently. It is also more
common to see improved cookstoves, which have higher stove thermal efficiencies, used in
combination with the wood chips and wood pellets in India. Crop residues have a comparably
lower heating value than wood-based fuels leading to relatively lower total energy demand
impacts for crop residue fuels.

For briguettes, the energy demand impact for the carbonized briquettes from wood and bamboo
is relatively high compared to other fuels due to the lower stove efficiencies for metal charcoal
briquette stoves in India and the charcoal kiln energy impacts. That is, additional energy is
consumed when burning firewood at the kiln to produce charcoal prior to charcoal briquette
utilization in a cookstove. Similarly, in processing the commercially made non-carbonized
sawdust briquettes, sawdust is combusted to remove the moisture content of the briquettes,
which results in the relatively higher total energy demand of the sawdust briquettes compared to
other non-carbonized processed biomass fuels.

Overall, liquid and gas fuels as well as processed solid biomass fuels not requiring additional
combustion of solid fuel for processing (e.g., wood pellets) lead to the lowest overall total energy
demand impacts. Hard coal results in the highest overall total energy demand due to the low coal
stove thermal efficiency and the energy required for coal mining and distribution.
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Table A-16. Total Energy Demand (MJ) for Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing  Distribution Use Total
Firewood 0 0 0 30,981 30,981
Unprocessed 150 "o Gidue 0 0 0 9,670 9,670
solid biomass
Dung cake 0 0 0 51,628 51,628
Charcoal briquettes from
oo g 0 18,043 1.57 22,944 40,989
Charcoal briquettes from
bamboo q 0 24,758 157 22,944 47,704
Non-carbonized briquettes
Soigog?gfﬁgss from sawdust g 0 21,363 1.65 15,746 57110
Non-carbonized briquettes
from crop residues ‘ 0 527 0.0050 12,5711 13,098
Wood pellets 0 775 12.3 7,575 8,362
Wood chips 0 22.1 0.011 12,954 12,976
Ethanol from sugarcane 891 17,579 81.5 7,575 26,127
Ethanol from wood 0 931 0.27 7,575 8,507
Liquid/gas |Biogas from dung 0 0 0 7,306 7,306
LPG 102 250 152 7,348 7,852
Kerosene 135 374 116 9,749 10,373
Other Hard (_:o_al 29,370 0 435 25,903 55,317
Electricity 0 0 0 21,853 21,853
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Figure A-13. Total Energy Demand (MJ) for Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year
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A.3.2.2 Net Energy Demand

Table A-17 and Figure A-14 illustrate the net energy demand impact results for fuels in India by
life cycle stage. Net energy demand is calculated in the same way as total energy demand, with
the final energy delivered to the cooking pot deducted from the results. The net energy indicator
is, therefore, the additional energy required for the life cycle of the cookstove fuel beyond what
is delivered to the consumer for cooking purposes. For India, 11.0 MJ of cooking energy are
consumed per household per day, which equates to 4,015 MJ per household per year.”
Utilization of unprocessed solid biomass consumes 6.7 to 11.9 times more energy than is
provided to the pot, as listed in the last column of Table A-17. Similar levels of net energy
demand are seen for charcoal briquettes, non-carbonized briquettes from sawdust, hard coal and
ethanol from sugarcane. The lowest overall net energy demand is calculated for non-carbonized
briquettes from crop residues, wood pellets, wood chips, ethanol from wood, biogas from dung,
LPG, and kerosene. Production, processing, distribution, and use of these less energy intensive
fuels uses 0.82 to 2.3 times the amount of energy delivered to the pot.

Table A-17. Net Energy Demand (MJ) for Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage Net Energy
Consumed:
Feedstock Delivered
Production | Processing Distribution Use Total Energy
Firewood 0 0 0 26,966 26,966 6.72
Unprocessed "= "o idue 0 0 0 5655 | 5,655 1.41
solid biomass
Dung cake 0 0 0 47,613 47,613 11.9
Charcoal briquettes from
wood g 0 18,043 1.57 18,929 36,974 9.21
Charcoal briquettes from
bamboo ! 0 24,758 157 18,929 43,689 10.9
Non-carbonized brigquettes
Soigog?gfﬁgss from sawdust : 0 21,363 1.65 11,731 33,095 8.24
Non-carbonized brigquettes
from crop residues | 0 527 0.0050 8,556 9,083 2.26
Wood pellets 0 775 12.3 3,560 4,347 1.08
Wood chips 0 22.1 0.011 8,939 8,961 2.23
Ethanol from sugarcane 891 17,579 81.5 3,560 22,112 5.51
Ethanol from wood 0 931 0.27 3,560 4,492 1.12
Liquid/gas |Biogas from dung 0 0 0 3,291 3,291 0.82
LPG 102 250 152 3,333 3,837 0.96
Kerosene 135 374 116 5,734 6,358 1.58
Other Hard (_:o_al 29,370 0 435 21,888 51,302 12.8
Electricity 0 0 0 17,838 17,838 4.44
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A.3.2.3 Global Climate Change Potential (100a)

Table A-18 and Figure A-15 present the global climate change potential (GCCP) impact results
for fuels in India by life cycle stage. The GCCP impact category represents the heat trapping
capacity of greenhouse gases over a 100 year time horizon. Fossil fuel GCCP impacts are
dominated by combustion emissions in the cookstove use stage. Coal has the highest impacts,
since it is derived from non-renewable carbon and the thermal efficiency of coal stoves (15.5%)
is relatively low compared to the other fossil fuel options (e.g., LPG stove efficiency is 57%).
Electricity in India is derived from a mix of coal and petroleum fuels as well as some other
sources such as hydropower, which is the primary reason its impacts fall between coal usage and
fuels derived from crude oil or natural gas. For consistency, combustion emissions associated
with electricity generation have been allocated to the use stage here, although emissions will not
occur at the household level. Biogas GCCP impacts are primarily from methane leakage during
the production of biogas in an anaerobic digester. Sugarcane ethanol, dung cake (from animals
consuming biomass to produce the dung), crop residue (unprocessed and crop residues
briquettes), and charcoal briquettes from bamboo are derived from renewable biomass that
removed CO; from the atmosphere during growth; therefore, the CO, emissions released from
combustion of these fuels is considered carbon neutral, as discussed in detail in the Appendix B
methodology. Methane emissions from the animals producing the dung for the dung cake is also
modeled as outside the system boundaries of this work, with these emissions being allocated to
the primary animal product (e.g. dairy). Impacts for these renewable fuels during the use phase
are driven by nitrous oxide and methane emissions during cookstove use. Impacts associated
with fertilizer production and emissions from application also play a role in the sugarcane
ethanol overall impacts.

Based on the trend in forest area and the annual generation of biomass per hectare, a little less
than 60% of the firewood required for cooking can be sustainably sourced; therefore, the
combustion emissions for the non-renewable 40% of wood are not considered carbon-neutral.
This adjustment is also applied to other wood fuels (wood-derived charcoal briquettes, wood
pellets and wood chips), but not to fuels derived from wood wastes (wood ethanol and non-
carbonized briquettes from sawdust). With the cut-off modeling methodology used in this
analysis, wood wastes are treated as a “free” product (all burdens are allocated to the primary
wood product, e.g., lumber, which is outside the scope of this study), so emissions of biomass
CO:- for fuels derived from wood waste are treated as carbon neutral. For charcoal briquettes,
GCCP impacts for carbonization of the wood in the kiln are comparable in magnitude to the
emissions from combustion of the charcoal briquettes in a cookstove. Charcoal kiln impacts are
largely driven by the methane emissions during the carbonization process. Combustion emissions
for bamboo-derived charcoal briquettes are lower than for wood-derived charcoal briquettes
because bamboo is a renewable crop and all combustion emissions are considered carbon-
neutral, while only 60% of the wood combustion emissions (for the renewable percentage of the
wood supply) are considered carbon-neutral.
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Table A-18. Global Climate Change (100a) Potential Impacts (kg CO:2 eq) for Cooking
Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production | Processing Distribution Use Total
Unprocessed Firewood 0 0 0 2,166 2,166
Solid Crop Residue 0 0 0 530 530
Biomass | pung Cake 0 0 0 765 765
Charcoal Briquettes from Wood 0 1,100 116 1,082 2,298
Charcoal Briquettes from Bamboo 0 831 116 184 1,132
Processed Non-Carbonized Briquettes from 0 238 123 131 277
- Sawdust
SOIId Non-Carbonized Briquettes from
Biomass - 0 32.7 0.37 182 215
Crop Residues
Wood Pellets 0 112 4.42 567 683
Wood Chips 0 177 0.80 641 644
Ethanol from Sugarcane 320 21.2 39.0 3.84 384
Ethanol from Wood 0 19.7 19.7 3.84 43.3
Liquid/Gas | Biogas from Dung 0 36.9 0 5.32 42.2
LPG 194 37.9 48.3 1,100 1,206
Kerosene 26.2 55.7 50.8 595 728
Other Hard Coal 65.0 0 6.49 3,793 3,865
Electricity 0 0 0 1,665 1,665
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A.3.2.4 Black Carbon and Short-Lived Climate Pollutants

Table A-19 and Figure A-16 display the black carbon and short-lived climate pollutants impact
results for fuels in India by life cycle stage. Black carbon (BC) is formed by incomplete
combustion of fossil and bio-based fuels. BC is the carbon component of particulate matter (PM)
with aerodynamic diameter less than or equal to 2.5 microns (PM2.5). This is the size of PM that
most strongly absorbs light and thus has potential radiative forcing effects (i.e., potential to
contribute to global warming). Potential climate forcing impacts resulting from BC emissions
include direct, albedo (i.e., fraction of solar energy hitting the earth that is reflected), and other
effects. BC is emitted with other particles (e.g. organic carbon) and criteria pollutants such as
nitrogen and sulfur dioxides. Though some of these co-pollutants may exert a cooling effect on
climate, the net effects of BC emissions likely contribute to global climate warming. Appendix B
shows the 20 year global warming potential and black carbon equivalent values used in the
results calculation. Results are presented here based on BC equivalents. The highest BC impacts
are seen for traditional unprocessed biomass fuels as well as charcoal briquettes and hard coal,
which tend to have high particulate matter emissions when combusted. Similarly, high emissions
of particulate matter are seen in the charcoal kiln, which combusts wood to carbonize the fuel.
Utilization of the liquid and gas fuels result in the lowest overall BC impacts. Some life cycle
stages have negative BC equivalent impacts, which is the case when emissions of SOx and
organic carbon, pollutants with net cooling effects on the climate, are greater than the emissions
of BC and other co-emitted pollutants that lead to short term warming impacts.

Table A-19. Black Carbon and Short-Lived Climate Pollutant Impacts (kg BC eq) for
Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing  Distribution Total
Unprocessed Firewood 0 0 0 4.19 4.19
Solid Crop Residue 0 0 0 9.72 9.72
Biomass | Dung Cake 0 0 0 20.1 20.1
Charcoal Briquettes from Wood 0 16.1 0.0078 1.03 17.2
Charcoal Briquettes from Bamboo 0 8.54 0.0078 1.03 9.58
Processed gon-Carbonized Briquettes from 0 023 0.0082 154 178
; awdust
TSOIId Non-Carbonized Briquettes from
Biomass . 0 -0.0015 2.5E-05 3.37 3.37
Crop Residues
Wood Pellets 0 -0.0040 3.6E-04 0.084 0.080
Wood Chips 0 4.2E-04 5.4E-05 1.78 1.79
Ethanol from Sugarcane -0.0069 -0.029 0.0032 0.011 -0.022
Ethanol from Wood 0 0.0066 0.0013 0.011 0.019
Liquid/Gas | Biogas from Dung 0 0 0 0.027 0.027
LPG 0.0023 0.018 0.0033 0.022 0.045
Kerosene 7.6E-04 0.0089 0.0010 0.034 0.045
Other Hard Coal 1.36 0 5.2E-05 14.4 15.7
Electricity 0 0 0 -0.076 -0.076
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A.3.25 Particulate Matter Formation Potential

Table A-20 and Figure A-17 show the particulate matter formation impact results for fuels in
India by life cycle stage. Particulate matter can contribute to many negative health impacts such
as effects on breathing and respiratory systems, damage to lung tissue, cancer, and premature
death. Primary and secondary pollutants leading to particulate matter formation as well as PM2.5
are characterized here to kg PM10 eg. Traditional biomass fuels and hard coal lead to the
greatest particulate matter formation impacts, with dung cake having the highest overall impacts.
Most particulate matter formation impacts occur during cookstove use at the household with the
exception of charcoal briquettes, where the carbonization of the wood in the kiln dominates the
overall life cycle impacts. Charcoal briquettes from bamboo have slightly lower particulate
matter impacts than wood charcoal briquettes. This is because a larger portion of bamboo
charcoal briquettes are estimated to be produced in brick kilns; whereas, all wood charcoal
briquettes in India are assumed to be produced in traditional earth mound kilns. Processing of
commercial non-carbonized sawdust briquettes results in particulate matter formation pollutants
from combusting a portion of the briquette output to dry the briquettes. Advanced liquid fuels as
well as biogas and wood pellets have comparably small particulate matter impacts. Most of the
particulate matter impacts for electricity are derived from the coal mix in the average Indian
electrical grid. The particulate matter impacts from fuel combustion for electricity generation
have been allocated to the use phase, although the actual particulate matter emissions for
electricity do not occur at the household level.

Table A-20. Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking

Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year
Life Cycle Stage
Feedstock

Production  Processing | Distribution Total
Unprocessed Firewood 0 0 0 19.0 19.0
Solid Crop Residue 0 0 0 454 454
Biomass | Dung Cake 0 0 0 94.9 94.9
Charcoal Briquettes from Wood 0 75.3 0.20 2.80 78.3
Charcoal Briquettes from Bamboo 0 38.2 0.20 2.80 41.2
Processed gon-Carbonized Briquettes from 0 127 0.21 6.92 19.8

Solig  [oawdust
Biomass Non-Carpomzed Briquettes from 0 013 6.4E-04 157 15.9

Crop Residues

Wood Pellets 0 0.43 0.011 0.41 0.85
Wood Chips 0 0.0067 0.0014 8.26 8.27
Ethanol from Sugarcane 0.46 0.14 0.071 0.0017 0.67
Ethanol from Wood 0 0.24 0.034 0.0017 0.28
Liquid/Gas | Biogas from Dung 0 0 0 0.31 0.31
LPG 0.036 0.25 0.10 0.24 0.62
Kerosene 0.049 0.35 0.094 0.75 1.24
Other Hard Coal 6.65 0 0.015 70.8 775
Electricity 0 0 0 6.77 6.77
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Figure A-17. Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year
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A.3.2.6  Fossil Fuel Depletion

Table A-21 and Figure A-18 provide the fossil fuel depletion impact results for fuels in India by
life cycle stage. Fossil depletion captures the consumption of fossil fuels, primarily coal, natural
gas, and crude oil. All fuels are normalized to kg oil eq based on the heating value of the fossil
fuel relative to the heating value of a kg of oil. The fossil depletion associated with traditional
biomass fuels as well as biogas and ethanol from wood is negligible, as these fuels are not
derived from fossil fuel, and collection of these fuels is done manually. While biomass fuels are
not derived from fossil fuels, some fossil fuels may be consumed across the life cycle of these
fuels for energy inputs to fuel production and processing, distribution, and disposal. Fossil
depletion for biomass pellets is associated with electricity usage for pelletization and some
transport, while sugarcane ethanol fossil depletion is primarily from fertilizers during cane
production, as well as diesel for farm operation and distribution of the feedstock and fuel. Some
fossil depletion impacts are also seen for processing the wood chips and non-carbonized
briquettes for the portions of these fuels that are not processed manually (as discussed in detail in
Appendix B, 50% of non-carbonized and carbonized wood/bamboo briquetting is modeled as
mechanized in India, and 13% of wood chipping is modeled as mechanized in India). Fossil
depletion impacts are highest for coal, LPG, kerosene and electricity as these sources of energy
rely on fossil fuels. The greatest impacts are seen for coal. Although coal has a lower heating
value per kg compared to crude oil or natural gas, the lower coal stove thermal efficiency
(15.5%) compared to the more efficient LPG stoves (57%) means that more coal must be burned
to get the same amount of cooking energy, leading to the higher fossil depletion for cooking with
coal compared to LPG.

Table A-21. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing  Distribution Use Total
Firewood 0 0 0 0.026 0.026
Unprocessed '~ 7 ecidue 0 0 0 0.030 0.030
solid biomass
Dung cake 0 0 0 0.62 0.62
Charcoal briquettes from wood 0 0.41 0.038 0.025 0.47
Charcoal briquettes from bamboo 0 0.40 0.038 0.062 0.50
Non-carbonized briquettes from
brocessed | sawdust g 0 5.24 0.040 0.011 5 %
solid biomass | Non-carbonized briquettes from
crop residues q 0 7.20 1.2E-04 0.011 701
Wood pellets 0 23.6 1.49 7.2E-04 25.1
Wood chips 0 0.53 2.7E-04 0.011 0.54
Ethanol from sugarcane 48.9 11.2 13.2 0 734
Ethanol from wood 0 4.29 0.0064 0 4.30
Liquid/gas |Biogas from dung 0 0 0 0 0
LPG 2.61 6.38 3.89 188 201
Kerosene 3.43 9.51 2.94 248 264
Hard coal 517 0 0.77 456 974
Other —
Electricity 0 0 0 367 367
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Figure A-18. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year
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A.3.2.7 Water Depletion

Table A-22 and Figure A-19 illustrate the water depletion impact results for fuels in India by life
cycle stage. Water depletion results are based on the volume of fresh water inputs over the life
cycle of the assessed fuels. Water may be incorporated in the fuel product, evaporated, or
returned to the same or different water body or to land. If the water is returned to the same water
body, it is assumed the water is returned at a degraded quality, and therefore is considered
consumptive use. Water consumption includes evaporative losses from establishment of
hydroelectric dams but does not include the water passing through the turbine, since that water is
not removed from its source. The hydropower in the electricity mix drives the overall water
depletion impacts. In this case, for simplicity, electricity impacts have been allocated to the use
life cycle stage. Water depletion associated with wood pellets and biomass briquettes is also due
to electricity usage during pelletization/briquetting. Water depletion impacts are also notable for
sugarcane ethanol, as irrigation is required for the cane production. Some water depletion
impacts are also seen for the biogas to maintain the digester, but these are negligible when
compared to the evaporative losses from hydropower in the electricity grid. Water depletion
impacts are negligible for the traditional biomass fuels, which are not irrigated. Because the
water content of these fuels comes from the atmosphere as rainfall, the water released back to the
atmosphere when the biomass is dried or combusted is not considered consumptive use.

Table A-22. Water Depletion Impacts (m® H20) for Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock

Production Processing Distribution Total
Firewood 0 0 0 0.20 0.20
Unprocessed
Solid Crop Residue 0 0 0 0.23 0.23
Biomass I 1ng Cake 0 0 0 4.76 476
Charcoal Briquettes from Wood 0 2.34 3.6E-04 0.19 2.53
Charcoal Briquettes from Bamboo 0 2.26 3.6E-04 0.19 2.45
Processed | on-Carbonized Briquettes from 0 295 3.8E-04 0.081 29.6
; Sawdust
Solid Non-Carbonized Briquettes from
Biomass . 4 0 40.5 1.1E-06 0.081 40.6
Crop Residues
Wood Pellets 0 132 10.8 0.0035 143
Wood Chips 0 0.55 2.5E-06 0.085 0.63
Ethanol from Sugarcane 222 53.7 79.6 0 356
Ethanol from Wood 0 1.12 6.1E-05 0 1.12
Liquid/Gas | Biogas from Dung 0 4.18 0 0 4.18
LPG 4.55 19.3 99.4 0 123
Kerosene 6.14 28.5 111 0 146
Hard Coal 1.51 0 34.3 30.9 66.7
Other —
Electricity 0 0 0 2,066 2,066
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Figure A-19. Water Depletion Impacts (m?® H20) for Cooking Fuel Types (India)
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A.3.2.8 Terrestrial Acidification Potential

Table A-23 and Figure A-20 show the terrestrial acidification potential impact results for fuels in
India by life cycle stage. Terrestrial acidification quantifies the acidifying effect of substances on
their environment. Important contributing emissions include SO,, NOy, and NHa. Acidification
impacts are dominated by coal usage, either as a direct fuel or as an input to electricity
generation. Electricity usage for pelletization drive biomass pellet acidification impacts. Sulfur
dioxide emissions from coal are notably higher than sulfur dioxide emissions from combustion
of other fuels. Ethanol contains no sulfur, so there are no sulfur dioxide emissions, a main cause
of acidification, for the ethanol cookstove use stage. No NOx emissions data for ethanol
combustion in a cookstove were available, although qualitative reports stated that ethanol
combustion leads to minimal nitrogen oxide emissions. Traditional fuels, specifically crop
residues and dung cake, have slightly higher acidification impacts than the liquid fuels. The main
contributing emissions leading to acidification potential for the traditional fuels are SOx and
NOx. For instance, NOx leads to 70% and SOx leads to 30% of the crop residue acidification
impacts, respectively. Distribution acidification impacts in India are highest for transportation of
the carbonized and non-carbonized briquettes since a greater mass of input fuel for the solid
biomass is required to be transported a longer distance given the proximity of end users to forests
in India (Appendix B provides detailed discussions of the model’s transportation parameters).
The lowest overall acidification impacts are seen for biogas. Because land applied digested
sludge from biogas production is used by another product system, it is considered to be outside
the system boundaries for this analysis; however, it is possible that this land applied digested
sludge could lead to emissions of ammonia, an acidifying substance.

Table A-23. Terrestrial Acidification Potential Impacts (kg SO2 eq) for Cooking Fuel
Types (India)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock ‘ ‘

Production | Processing Distribution Use Total

Unprocessed Firewood 0 0 0 1.60 1.60

Solid Crop Residue 0 0 0 2.47 2.47

Biomass | pung Cake 0 0 0 3.01 3.01

Charcoal Briquettes from Wood 0 0.035 0.48 0.82 1.34

Charcoal Briquettes from Bamboo 0 0.033 0.48 0.82 1.34

Processed gon-Carbonized Briquettes from 0 0.33 051 0.66 1.49
Solig  [oowdust

Biomass | Non-Carbonized Briquettes from 0 0.31 0.0015 0.86 1.17

Crop Residues

Wood Pellets 0 1.01 0.025 0.13 1.17

Wood Chips 0 0.013 0.0033 0.70 0.72

Ethanol from Sugarcane 1.23 0.61 0.16 0 2.00

Ethanol from Wood 0 0.29 0.082 0 0.37

Liquid/Gas | Biogas from Dung 0 0 0 0.43 0.43

LPG 0.068 0.54 0.23 0.46 1.29

Kerosene 0.092 0.68 0.21 0.62 1.60

Other Hard Coal 0.31 0 0.038 7.17 7.51

Electricity 0 0 0 16.1 16.1
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A.3.29 Freshwater Eutrophication Potential

Table A-24 and Figure A-21 provide the freshwater eutrophication potential impact results for
fuels in India by life cycle stage. Eutrophication assesses the impacts from excessive load of
macro-nutrients to the environment and eventual deposition in freshwater, which can result in
algal blooms, oxygen depletion, and fish kills. Pollutants contributing to this category are all P
based (e.g. phosphate, phosphoric acid, phosphorus). Dung cake results in the highest
eutrophication potential impacts. This is due to the much larger ash quantity produced from dung
cake compared to all other fuels. The ash from the traditional fuels, which contains phosphorus is
assumed to be land applied, which leads to soil emissions and eventual runoff into freshwater.
Ash production is also the reason other traditional fuels have a relatively high eutrophication
impact. While impacts are comparably smaller for ethanol, there are some eutrophication impacts
occurring from use of phosphorus based fertilizer in sugarcane production. There are no
eutrophication impacts associated with biogas. Application of the digested sludge from the
biogas system would likely lead to some eutrophication impacts, but utilization of this useful co-
product is outside the system boundaries of this study. The digested sludge impacts are allocated
to the product system it serves (i.e. nutrients for crop production). Impacts from fossil based
fuels and biomass pellets are minimal compared to the traditional fuels. The non-carbonized
processed biomass fuels have slightly lower eutrophication potential impacts than traditional
unprocessed biomass fuels. Because processed biomass burns more efficiently than unprocessed
biomass, less fuel must be burned, leading to an overall lower quantity of ash produced.

Table A-24. Freshwater Eutrophication Potential Impacts (kg P eq) for Cooking Fuel
Types (India)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production = Processing  Distribution Total
Unprocessed Firewood 0 0 0 0.63 0.63
Solid Crop Residue 0 0 0 0.75 0.75
Biomass | Dung Cake 0 0 0 15.3 15.3
Charcoal Briquettes from Wood 0 0.51 4.2E-07 0.61 1.12
Charcoal Briquettes from Bamboo 0 0.25 4.2E-07 0.61 0.86
Processed gon-Carbonized Briquettes from 0 0.039 4.4E-07 0.26 0.30
; awdust
TSOIId Non-Carbonized Briquettes from
Biomass . 0 2.7TE-04 1.3E-09 0.26 0.26
Crop Residues
Wood Pellets 0 0.0011 0.0013 0.011 0.014
Wood Chips 0 7.9E-05 2.9E-09 0.27 0.27
Ethanol from Sugarcane 0.13 0.0085 0.0063 4.3E-06 0.15
Ethanol from Wood 0 8.8E-06 7.0E-08 4.3E-06 1.3E-05
Liquid/Gas | Biogas from Dung 0 0 0 0 0
LPG 5.3E-05 0.0025 0.0021 0.0062 0.011
Kerosene 7.2E-05 0.0039 0.0092 0 0.013
Other Hard Coal 3.0E-05 0 0.0046 0.0040 0.0086
Electricity 0 0 0 0.014 0.014
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Figure A-21. Freshwater Eutrophication Potential Impacts (kg P eq) for Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year
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A.3.2.10 Photochemical Oxidant Formation Potential

Table A-25 and Figure A-22 present the photochemical oxidant formation potential impact
results for fuels in India by life cycle stage. The photochemical oxidant formation (i.e. smog
formation) results are an indicator of the potential for formation of reactive substances that cause
harm to human health and vegetation. Results are characterized here to kg of non-methane
volatile organic compounds (NMVOC) eq. Some key emissions for cookstove fuel systems that
contribute to photochemical oxidant formation include carbon monoxide, methane, nitrogen
oxides, NMVOCs, and sulfur dioxide. Traditional biomass fuels and hard coal lead to the
greatest photochemical formation impacts, with dung cake having the highest overall impacts.
For charcoal briquettes, impacts are split between the fuel processing stage (carbonization in a
kiln) and the use stage. Higher emissions of NMVOCs were documented for the brick kilns used
to produce bamboo charcoal briquettes compared to the earth mound kilns used for wood
charcoal briquettes, leading to the overall higher photochemical oxidant formation seen for
bamboo charcoal briquettes relative to charcoal briquettes from wood. Photochemical oxidant
impacts for electricity are primarily associated with utilization of hard coal in the grid mix.
Impacts from fuel combustion emissions for electricity generation have been allocated to the use
stage here for simplicity, but impacts do not occur at the household level. Photochemical oxidant
formation impacts are relatively small for the liquid fuels, processed non-carbonized biomass
and biogas.

Table A-25. Photochemical Oxidant Formation Potential Impacts (kg NMVOC eq) for
Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock

Production | Processing  Distribution Total

Unprocessed Firewood 0 0 0 24.2 24.2

Solid Crop Residue 0 0 0 35.1 35.1

Biomass | pung Cake 0 0 0 74.9 749

Charcoal Briquettes from Wood 0 21.3 0.83 20.2 42.3

Charcoal Briquettes from Bamboo 0 53.0 0.83 20.2 74.0

Processed Non-Carbonized Briquettes from 0 159 0.87 9.96 124
Solid Sawdust _ _

Biomass Non-Carpomzed Briquettes from 0 015 0.0026 122 123

Crop Residues

Wood Pellets 0 0.50 0.039 0.41 0.95

Wood Chips 0 0.023 0.0057 10.5 10.5

Ethanol from Sugarcane 0.68 0.19 0.26 0.25 1.37

Ethanol from Wood 0 0.51 0.14 0.25 0.90

Liquid/Gas | Biogas from Dung 0 0.015 0 0.44 0.46

LPG 0.086 0.49 0.32 2.02 2.92

Kerosene 0.12 0.74 0.33 3.46 4.65

Other Hard Coal 0.58 0 0.042 31.0 31.6

Electricity 0 0 0 8.08 8.08

A-54



Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

kg NMVOC eq/Households per year

B Feedstock Production # Processing @ Distribution H Use o Total

74.9 ~ - 740
70

50
423

351 o
30

20
8.08

o B & &
Firewood — 'ﬁ
N
Cmp s -
Dungcake _

10.5
292 4.65
1.37 0.50 0.46
0.95
i 3§ & 3 ¢ 2| &8 3 3 g &t 1 3
4 € 2 = - ] § ES - g v =
e © ® 3 g o " L B g
E 3 . g 2 3 & E § 3 L] &
& § § & % £ ¢ & £ .
g E E 5 E E 5 8
2
- g g 5 3 £ @
g g 5 g &
5 z z 3 £
% 5 5 § .
3 & 5 s
2 . @ o
g Y t 5
. - 8 3
o -~ ]
$ c
S
2 $
5
Unprocessed solid biomass Processed solid biomass Liquid/gas Other

Figure A-22. Photochemical Oxidant Formation Potential Impacts (kg NMVOC eq) for Cooking Fuel Types (India)
To produce, distribute and use cooking fuels by a single household per year

A-55



Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

A.3.3 Economic Indicators for India

Discussions of the economic indicators are separated by rural and urban regions where possible.
Some discussion of economic indicators may include cooking fuels that were not within the
overall scope of this analysis, but are available and pertinent to the economic discussion due to
parallel work performed for EPA.

A.3.3.1 Fuel Use

Overall, the current cooking fuels used within India are heavily reliant on available biomass
feedstocks, including firewood and crop residues. India has a mix of deforestation in the east as
well as afforestation in the northern and southern part of the country. Figure A-23 provides the
overall percentages of fuels currently used for household cooking in India. These fuels are
broken out by urban and rural use in Figure A-24.

Wood fuel, such as firewood and brush, makes up 49 percent of the cooking fuel used by all
households in India. In rural areas, almost two-thirds of the households still use firewood, and
approximately 70 percent of the rural households using firewood collect it. Women and children
commonly collect enough firewood or brush for 2-3 days use at one time. The poorer population,
who would normally collect the firewood for cooking, do not consider their time to have
economic value. Due to this concept, gathering firewood is ascertained to be a free fuel.”® The
population in certain areas of rural India may need to purchase firewood during the monsoon
season. In urban areas, approximately 20 percent of homes use wood fuels for cooking, and more
than 75 percent of the urban households using firewood purchase it from vendors.” The poorer
urban population generally purchases fuels such as firewood and charcoal.

0.1% 04% _0.2%

0.4%

N LPG

m Coal

® Firewood

H Kerosene

® Dung

M Charcoal

M Electricity

m Crop Residues
M Biogas

m All other fuels

Source: Dalberg, 2013, Gov. of India, 2014, Venkataraman, et al, 2010

Figure A-23. Current Cooking Fuel Mix in India
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During the turn of the century, the Indian government aggressively promoted LPG for use as a
cleaner fuel. Government subsidies are available to help the population shift to LPG as a cleaner
fuel. These subsidies reduce the net price of LPG to consumers by more than half. Recently the
Indian government revised the subsidy program for LPG. This is discussed further in the social
issues section, Government Policies/Programs. These subsidies have assisted the households
within the urban cores to increase their use of LPG to almost two-thirds of the cooking fuel used.
Much of this increase is in the middle and higher income classes. Only 10 percent of rural
households are using LPG due to a number of factors, including cost and distribution issues.
Poorer rural households are not able to afford larger canisters of LPG; however, smaller
cylinders are being considered by the petroleum industry in India. The rural population may have
to travel up to 10 km to retrieve cylinders of LPG, which takes time, and the distributor of the
cylinders may not have it available due to erratic LPG supply in these areas.”

Kerosene is used in approximately 3 percent of the total households in India. Most of this use is
in urban settings. Kerosene is subsidized by the government. A quota of kerosene is provided at a
cheaper price depending on income level.”® This fuel is in flux due to some wanting to ban its
use.

In the rural areas, over 20 percent of the population are using crop residues or dung as cooking
fuel. These fuels are considered free and have been used for decades, even centuries, in some
areas of India. These fuels are used by only 1 percent of the urban population as they are not
readily available for collection in urban areas.

Approximately 3 percent of the population use kerosene as a cooking fuel, this is mostly in the
urban areas. Large universal price subsidies for kerosene are provided by the Indian government.
Although it is a much cleaner fuel than biomass burning, issues with spills and burns when using
kerosene are prohibitive to its use.

Only two-thirds of the households in the rural areas have access to electricity, while most
households within urban areas have electricity available.”” Although electricity is available to a
large percentage of the population, it is not commonly used for cooking within India. It is an
expensive fuel, and has issues of unreliability due to power cuts in rural areas in many states for
up to 10-15 hours a day.®

Biogas (used by 0.3 percent of the households) is mainly used in the rural areas of India as it is
produced from the dung of animals owned by the households. Many of the other fuels considered
in this analysis, such as charcoal from bamboo, briquettes from crop residues, and ethanol, are
produced by small enterprises at this time.
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Figure A-24. 2013 Cooking Fuel Mix Comparing Urban and Rural Fuel Use in India

A.3.3.2  Fuel Imports, Exports, Production, and Demand in India

Table A-26 shows the levels of imports, exports, production, and demand (assumed to be equal
to current consumption) of several fuels in India. Significant quantities of several cookstove fuels
used in India are imported. According to the United Nations Statistics Division, in 2011 just over
8.5 million tonnes of LPG was imported into India, representing more than 50 percent of total
demand. Wood fuels in the form of logs, pellets, and chips are also imported, but it is unknown
whether these are used as cooking fuels versus other uses. Over 26 thousand tonnes of ethanol
were imported in 2013; however, ethanol is likely being utilized for vehicle fuel or alcohol.

There is a surplus of LPG in India as imports and domestic production (less exports) combine to
meet approximately 110 percent of total demand. A large amount of ethanol is also produced
within India with little used for cooking purposes. The Food and Agriculture Organization and
the UN Statistics Division state that almost 308 million tonnes of wood and 2.9 million tonnes of
charcoal were produced in India in 2013. India also produces significant quantities of bamboo—
approximately 100,000 kg of net exports—however, bamboo grown within India is mostly used
for construction, furniture or uses other than fuels.”
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Table A-26. Fuel Imports, Exports, Production, and Demand in India
(Tonnes per Year)

Demand
Fuel Imports | Exports | Production Total Household Sources
LPG 8,534,000 | 174,000 9,547,000 16,237,000 | 13,319,000 UNSD, 2011
UNSD, 2013

Ethanol 26,268 15,309 2,102,363 188,839 No data OECD/FAO, 2014

. UNSD, 2013
Firewood 4,168 94 307,709,300 No data No data FAO. 2014
Charcoal 2,000 31,000 | 2,880,000 | 2,851,000 | No data UNSD, 2011
Briquettes
Wood Pellets 2,665 18 No data No data No data UNSD, 2013
Wood Chips 201,701 104 No data No data No data UNSD, 2013

A.3.3.3  Fuel Cost in India

Much of the population of India is extremely poor, which has a significant influence on the types
of fuel used for cooking. Many of the poor are able to collect firewood, dung, or crop residues
for free without traveling far from home.® They associate no cost with time spent gathering fuel,
and so the users have a hard time giving up these “free” fuels.®* However, firewood may be
purchased within urban areas or in rural areas during the rainy season or due to local scarcities in
some regions.

Fuels such as wood, crop residues, and dung are all less costly than the processed fuels available.
Figure A-25 displays the cost on a basis of 2013 USD per person per year. Even when fuelwood
is purchased, the cost to the consumer is commonly lower than cleaner burning fuels, such as
LPG or crop residue briquettes. The cost of biogas from animal dung does include the initial
capital cost of purchasing the digester and stove over the lifetime of the system. In the cases
reviewed, the digester and stove are sold together, and so separating these costs were not
possible. The cost analysis for biogas does not include costs associated with purchasing and
maintaining livestock, as it is assumed that the livestock producing the dung are already owned
by the household using the dung. The cost of non-carbonized briquettes from crop residues®?
is much higher than the costs of other fuels. In at least one instance, this was because increases
in the cost of the crop residue feedstock were followed by a corresponding increase in the
briquette cost, ultimately making the fuel cost more than (subsidized) LPG.2* The cost of
ethanol used specifically as a cooking fuel and costs for charcoal from wood or bamboo, wood
pellets, and non-carbonized briquettes from wood are data gaps in this analysis.

LPG and kerosene fuels are subsidized by the Indian government. A quota of the kerosene fuel
based on income is provided to those signed up for the subsidy program. The cost of kerosene at
a market may be two or three times higher than the subsidized price.®® The subsidy program for
LPG provides a partial refund of the cost of the cylinders purchased directly to the consumer’s
bank account.
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Figure A-25. Fuel Cost Indicator for Cooking Fuels in India

A.3.4 Social Indicators for India

Where possible, the social indicators are broken out by gender or by rural/urban discussions.
Issues related to human health and exposure to cookstove emissions are not addressed.
Complementary studies are underway or were completed through other initiatives within the
cookstove sector.

A3.4.1 Government Policies/Programs

The government of India aggressively promotes the use of LPG®® at the household level by
providing subsidies through its PAHAL Scheme. LPG cylinders purchased through participating
oil companies are tracked and a partial refund credit is provided to the consumer’s bank account
for the number of cylinders purchased (with a maximum of nine cylinders per year).8”8 The
Scheme was recently modified and relaunched after reviewing issues consumers faced during its
initial implementation, namely the requirement of a bank account opened with a government-
issued identification (Aadhaar) number.®® The updated Scheme launched in early 2015, and the
subsidies have worked well in urban areas. Even with the subsidies, however, the poorest of the
rural households are either unable or hesitant to purchase this fuel.®® The revised Scheme was
also rolled out with the “Give It Up” campaign, which requested that those households with the
funds to pay for LPG without the subsidy not reenroll in the program. This campaign has been a
success with over 1.3 million consumers voluntarily giving up their subsidy as of July, 2015.%

Government interventions in the LPG industry have also taken place at the state level. For
example, in the late 1990s, the state government of Andhra Pradesh promoted the use of LPG in
a program called the Deepam Scheme to reduce time spent gathering fuel, improve health by
reducing exposure to smoke and emissions, and slow deforestation.? This program covered the
cylinder connection fee for families below the poverty line. An assessment of this program a few
years later found that it did facilitate the use of LPG by the rural poor, but only to a limited
extent. Families had confined it to incidental uses, such as for boiling water or when the cost of
firewood use was higher during the monsoon season.?® The state government of Karnataka also
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promoted LPG as part of its plan (Swacha Grama Yojana) for increasing clean cookstove
adoption in villages. The program—along with the World Bankfunded Jal Nirmal project—was
instituted after the centrally-funded National Program for Improved Cookstoves was withdrawn
in 2002.%

In addition to policies subsidizing and/or promoting LPG directly, a host of government
initiatives at the national level have an indirect effect on the LPG industry. For instance, policies
such as Pradhan Mantri Gram Sadak Yojana and the National Maritime Development Program,
which seek to improve road connectivity and waterway efficiency, respectively, have the
potential to facilitate access to LPG (and other alternative fuels) in more remote parts of India.%
Other national efforts, such as the National Clean Energy Fund (established 2011) and the
National Mission for Enhanced Energy Efficiency (ongoing as of 2013)—though not LPG-
specific—provide funding and innovative financing options for clean energy projects and
energy-efficient appliances. Governmental interest in the development of clean energy
infrastructure is also reflected in the use of rural labor—hired under the Mahatma Gandhi
National Rural Employment Guarantee Act—to construct community-level biogas facilities.

Other government initiatives such as the National Biomass Cookstoves Programme and the
National Policy for Empowerment of Women have sought to increase adoption of improved
cookstoves and raise awareness about solid fuel usage.®®° Indirectly supporting these efforts, as
well as the LPG initiatives described above, is the national government’s regulation of the
kerosene industry through an income-based kerosene quota. The quota caps the kerosene supply
below household demand, thus generating volatile informal markets® and potentially demand for
alternative fuels.

A.3.4.2  Supply & Access Challenges

Having fuels readily available is a challenge for many of the poorer households in India. Some
households have more than one cookstove that they use for different purposes, and they often
require different fuel types. Such a configuration can provide increased reliability whereby one
stove could be used as a backup if fuel for another cookstove is not available for a short period of
time.

LPG is used mainly by the middle and upper classes in India and is commonly available through
distributors in the cities. Unless there are supply shortages, LPG is readily available to the urban
population. Some rural households do use cylinders of LPG, but normally in tandem with
cheaper fuels.®® LPG cylinders are less accessible in rural India and are usually large and heavy
to transport from the nearest village. However, oil companies have expanded the distribution
throughout the country using franchisees to sell the cylinders. The oil companies are also
developing smaller cylinders that are cheaper and easier to distribute.

Generally, unprocessed wood, crop residues or dung used by the rural poor for their primary fuel
are readily available. Dung is normally collected from cows owned by families and is reliably
available as long as there is a sufficient number of livestock. The same is also true for the biogas
produced from digesters using dung as feedstock, assuming proper use and maintenance of the
system. Farming families who use their crop residues as fuel depend on their livelihood to
provide reliable fuels for cooking. As long as they continue to farm and crops are not destroyed
by drought, insects, or other natural disasters, crop residues for fuel use are available at no cost,
except the time to collect it. The sustainability of firewood as a fuel source, however, is more of
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a concern. Some states in eastern India have reached levels of deforestation where the collection
of firewood is detrimental to the environment. For example, Nagaland has lost almost 5 percent
of its forest land since 2003.1% Although afforestation efforts have gained some traction in
aggregate—India has experienced an approximate 2 percent increase in forest land per year over
recent years'®—these effects have not been felt everywhere. Dalberg’s 2013 market assessment
found persistent deforestation in the east,'%? and efforts to restore India’s biomass supplies
elsewhere continue to face pressure from the demand for firewood. Driving this demand are the
approximately 103 million people—predominately rural—who rely on collected firewood for
around 90 percent of their cooking energy. Although those collecting firewood by hand are most
vulnerable to biomass shortages, the approximately 60 million people who rely on purchased
firewood'% would also be affected by sustained losses in India’s forestry sector.

Processed wood pellets, briquettes from wood, charcoal briquettes from wood, charcoal
briquettes from bamboo, and briquettes from crop residues are all provided by small enterprises
throughout India, though—Iike firewood—are presumably sensitive to unsustainable
agroforestry practices. Briquettes are not as widely used in India,** but some sources are
available in certain regions where these small enterprises are established. Wood pellets are more
widely available than briquettes in India. % Pellets (from wood and from crop residues) are
commonly used in both urban and rural settings. Supply chain consistency for these fuels is
unknown and considered a data gap.

Ethanol is not a commonly used cooking fuel within India.'% Its main use in India is as a
transportation fuel. Some small enterprises are producing ethanol from sugarcane or from
sawdust sources. The reliability of the supply chain for ethanol as a cooking fuel is dependent on
regional availability and is considered a data gap.

A.3.4.3 Distribution & Adoption Challenges

The primary challenges to the distribution and use of nontraditional fuels in India relate to cost
issues. With respect to both LPG%” and biogas, % the transition—or start up—costs associated
with switching to cleaner fuels are cited as prohibitive. For urban LPG users, smaller cylinders
can make the transition more affordable, but more cylinders leads to more maintenance costs,
and more frequent refills can lead to challenges if there is not a consistent supply chain.%®

Rural, lower-income LPG users must not only pay for stoves and tanks (the latter, at times, can
be rented), but also must often purchase LPG in bulk since the inaccessibility of remote markets
prohibits more frequent smaller purchases.'° Other issues associated with LPG use in rural
environments include possible underfilling of the cylinders by distributors and dealing with the
possibility that the distributor will not be at the fuel attainment point after traveling many
kilometers to purchase the fuel.!* As indicated in Figure A-25 above, upfront costs also factor in
for potential biogas users, who must install a digester and purchase a compliant stove. What the
cost in Figure A-25 does not reflect, however, is that users must also maintain enough livestock
for the system to be cost-effective.!!? Given the variety of biogas systems available and that users
of systems accepting animal dung also typically use other inputs such as distillery effluent and
municipal waste,**? it is difficult to approximate the quantity of livestock required for typical or
optimal household-level biogas production in India.

Another factor affecting use of cleaner fuels in India is a lack of awareness of the costs and
benefits of nontraditional fuels. Although knowledge of improved cookstoves and alternative
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fuels is lagging in India, the likelihood of adopting clean cooking methods and fuels increases
with educational achievement, especially among women, who, when making decisions for the
household, choose modern fuels such as LPG 43 percent of the time, compared to 29 percent
across all households.1*4115116.117 Thjs finding suggests that awareness-raising programs*'8 and
initiatives aimed at enabling female decision makers could have a substantial impact on the
adoption of clean cooking fuels. Such programs are likely to have the greatest traction in South
India where women tend to have more influence on expenditures and household decision making
than women in northern states such as Rajasthan and Uttar Pradesh, where marital status is more
likely to dictate autonomy and empowerment.!®

A final concern relates to taste preferences and the reluctance to move away from traditional
cookstoves due to habit.!?° Dalberg’s 2013 market assessment broke India down into five “food
zones” based on preferences for staple foods. Although these categorizations are “meant to
provide a high-level view only,” they give a sense of regional variations in food choice and the
traditional cooking equipment (all of which presumably use biomass) typically used to prepare
them.

e North
o Staple food — thick rotis (tandoori rotis, naan, paratha)
o Equipment — kadhai (similar to a wok), tava (similar to a frying pan), smoke oven
o Heat intensity — high

e Central
o Staple food — thin rotis (roti, chapati)
o Equipment — kadhai, tava
o Heat intensity — medium-high

o Staple food —rice
o Equipment — pots, kadhai, smokehouse
o Heat intensity — medium

o Staple food — thick rotis (chapati, millet rolls)
o Equipment — kadhai, tava
o Heat intensity — medium-high

e South
o Staple food — rice, dosa (rice pancake)
o Equipment — pots, kadhai, tava
o Heat intensity — medium-high

Clean cooking initiatives in these five “food zones” would benefit from promoting stoves and
fuels that can supply adequate energy for preparing these staple foods. Although certain biases
and attitudinal barriers may persist—for example, some people associate the taste of food cooked
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using LPG with “city life”?!—underscoring the continuity of cooking options when marketing
alternative fuels might improve the likelihood of adoption among some segments of the
population.

A.3.4.4  Protection & Safety

Collection of dung and crop residues usually occurs somewhat close to the household, and no
safety issues were found in literature. Collection of wood for fuel, however, can be perceived as
dangerous if women or children collecting the wood must travel farther away from the village. In
this case, the person collecting the fuel may experience aches, bruises,'?? or bites (presumably
animal/insect)'?® while gathering the wood, and allergies, chapped hands, or limb deformation
from chopping it.1?* Other repetitive stress injuries and complications follow from regularly
carrying loads of 20-30 kgs of firewood on the head/shoulders, including head and spinal
injuries, pregnancy complications, and maternal mortality.'?> Any of these issues could lead to
serious medical complications in their own right and potentially social problems if household
duties were interrupted. Gender-based violence and the potential for attacks also increase when
women leave the safety of their communities,'?® leading to women and children sometimes
collecting firewood in groups to stay safe from harassment.

For purchased fuels considered in this analysis (e.g., LPG, ethanol, briquettes), no safety issues
during the purchase of the fuels were found within literature. However, concerns over potential
burns from cooking incidents or gas leaks, due to negligence of cylinder maintenance, are
associated with LPG use.

A3.45 Time & Drudgery

Normally traditional fuels such as fuel wood, crop residues, and dung are gathered locally by
women; however, in some regions that have scarce forest resources, men may take carts to
collect fuel from longer distances. Children normally are not sent to remote locations but will
collect branches close to the home.*?” Household-level collection time estimates for firewood
range from 3 to 10 hours per week,28129.130.131,132,133 Eotimates of time spent collecting dung or
crop residues are somewhat lower, in the range of 3 to 5 hours per week. 34135136 |t should be
noted that a biogas system using dung will take time to install, plus time to add feedstock on a
regular basis. The manual work involved in operating of the biogas plant is 10 man-
hours/month.*3” Using purchased fuels, such as charcoal, briquettes, LPG, ethanol, or pellets,
would reduce the time for acquiring fuels, freeing time for other tasks. These could include
generating extra income, possibly by weaving or working on farms, to assist in paying for these
fuels.® In other cases, this extra time could be used for social or family activities.'*® As an
example of the time savings that are possible, one study found that time allocated to collecting
traditional biomass decrease by approximately one-third (0.52 hours per day as opposed to 0.76
hours per day) when households also used LPG. 40

There is also potential for time savings with respect to cooking over different fuels, and, since
women and children bear the bulk of the cooking burden in India,*! they would feel the most
immediate reduction in time poverty if more efficient cooking methods were adopted. Cleaner
fuel stoves using purchased fuels such as charcoal, pellets, and ethanol likely require less time
than cooking over firewood due to heating values compared to traditional biomass stoves.
Cooking with firewood takes approximately 2.5 hours per day, while cooking with raw dung and
crop residues takes up to one half hour more due to lower heating values and burning
efficiencies.'*? This estimate is in line with other studies,** which report 2.59 hours of cooking
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time per day using firewood, 2.82 hours using unprocessed dung and 3.01 hours per day using
unprocessed crop residues. In contrast, a survey of women in rural regions states the cooking
time as 5 hours per day.#

Alternatively, a survey of households adopting LPG found the fuel to decrease cooking time
between 0.75 and 1.5 hours of cooking time/day, which lead to daily cooking times within a
majority of the households surveyed of between 1-3 hours.* Information on time savings for
use of other fuels in this study, such as charcoal briquettes, pellets, ethanol, and biogas, was not
found. However, because these fuels burn more efficiently and have higher heating values than
unprocessed biomass fuels commonly used, it is expected that these fuels will also save time
while cooking. Moreover, time savings, in many cases, is also a proxy for fuel savings, and the
transition to more efficient cooking methods could lead to substantial livelihood impacts. For
example, one clean cookstove program in India found women were able to use money saved on
fuel to provide their families with two meals per day instead of one.14®

A.3.4.6 Income Earning Opportunities

LPG is one of the primary fuels used in India,*’ and there is potential for business viability,
particularly for those developing smaller (and thus less costly) LPG cylinders.}* The LPG
market is growing at 2 percent per year,'*° so this fuel might afford greater income earning
opportunities in the future.

Firewood is another commonly used fuel in India.*>® According to a survey in the mid-1990s, up
to 70 percent of firewood is collected rather than purchased, but a gradual shift toward purchased
firewood suggests that freely-available wood is becoming scarcer and there might be increasing
commercial opportunities for firewood sellers.t®!

Other fuels, such as pellets and briquettes, are used by a small percentage of the population, but
have had enough success to result in some income earning opportunities. These opportunities,
however, are likely to remain small scale as corporations are reluctant to invest in biomass
fuels.'® Moreover, it is unclear if these employment opportunities have extended to women
along with men.

A.3.4.7 Opportunities for Women Along the Value Chain

According to the Global Alliance for Clean Cookstoves 2013 Results Report, the clean
cookstove industry currently has 252 employees (25% of whom are women) and 1,606 micro
entrepreneurs (66% of whom are women).!>® However, there are currently no data available to
estimate potential increases of skills for women with respect to specific fuels. It is known that
NGOs, such as SEWA and TIDE, hold training for female entrepreneurs in the cookstove
industry and employ women as door-to-door salespeople, but macro employment data are only
available in aggregate.'® 36 percent of women participate in the labor force overall, and only 19
percent participate in the organized sector (the rest participate in informal sectors such as cottage
industries that are not tracked in national statistics). Of the women participating in the organized
sector, 70 percent are employed by the government.>®

Despite the inequalities in the national labor market, many small enterprises producing fuels in
India are focused on encouraging women to join their groups in areas of sales, management, and
even production in some cases. However, the LPG industry—potentially a site of great economic
opportunity—seems to be a more male-oriented industry. While the LPG industry tried to
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encourage women’s participation by instituting a condition that the wives of all dealers would be
considered equal partners, in practice it is unknown if the women were actually involved in the
distribution. Often times, a man used his wife’s name to start a dealership with limited
involvement from the woman. 1%

As illustrated with the LPG industry, there are substantial cultural barriers to female involvement
in the clean cooking sector. In addition to the trend of husbands taking over businesses that
require activity in the public sphere, women—particularly those interested in sales—must
combat social constraints on female mobility (e.g., in some areas unmarried women are not
allowed to travel around the community for commercial purposes) and the class-based stigma
that only poor women engage in public retail activity.*>” Although not an issue in all
communities, the caste system exacerbates some of these barriers. For example, caste dynamics
might dissuade a higher-caste woman with access to resources from travelling to make sales to a
part of the community where lower-caste women tend to live. Alternatively, a lower-caste
saleswoman might have greater mobility, but less social capital with which to influence potential
customers, 158
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A.4  Detailed Results for Bangladesh
A4l Overview of Bangladesh

Bangladesh has the eighth largest population in the world.*® Over 90 percent of the population is
reliant on firewood, crop residues, or dung for their cooking fuel. Approximately 72 percent of
the population lives in rural areas'®®, and about 43 percent lives below the international poverty
line, making Bangladesh among the poorest countries in the world.*®! As a result, fuel cost is an
important concern. With the exception of kerosene®?, improved fuels are beyond the financial
reach for many consumers. The Bangladesh Petroleum Corporation controls most of the
dependable kerosene supply, including its relatively stable pricing system, which is generally
uniform across the country in both rural and urban regions. Since access to local biomass is
becoming more difficult due to deforestation, biomass fuels are becoming a marketed
commodity.*63

Bangladesh relies heavily on biomass, with firewood, crop residues, and dung used as a fuel
source in 99 percent of homes in rural areas and in more than 60 percent of homes in urban
areas.'®* Many of the lowest income people live in remote or ecologically fragile areas, which
are vulnerable to natural disasters.'®® Each year, about 18 percent of the country’s land area is
flooded.'%® When rural households are unable to gather wood or crop residues during the rainy
season, they may have to purchase fuels. Most households have two traditional-type stoves, one
outside and one inside for use in the rainy season.®” This is less common in cities, where gas and
electric stoves can be found.'®® Many homes are small and do not have the space to store large
amounts of fuels, which is one reason fuels must frequently be gathered or purchased in small
amounts.

Adequate supply of fuel resources to sustainably support current or increasing levels of use is an
important consideration. Bangladesh has shown an overall trend of an approximately 0.2 percent
decrease in forest land per year over recent years,'®® although deforestation now appears to have
been largely slowed or stopped through concentrated action by the government and its
development partners.t’® Given the population’s heavy reliance on wood fuels, as well as
demand for wood for other uses, the sustainability of the wood supply remains a concern.

Finally, cultural issues related to food and cooking fires are an important consideration. Cooking
habits are similar across Bangladesh, with rice as the mainstay for most meals and a need to cook
large volumes of food in large pots. For cultural and historical reasons, families prefer fixed
traditional stoves and use whatever type of biomass they can gather.’* As observed in other
countries, cooking fires may serve additional purposes in the home, such as providing heat or
light. Changes to the cooking fuel or type of cookstove would likely require the household to use
other fuels for these functions.!’2

The following sub-sections address the environmental, economic, and social considerations
related to cooking fuels and stoves for Bangladesh in greater detail.

A4.2 Environmental Indicators for Bangladesh

This section covers the detailed Bangladesh LCA results for the ten environmental indicators
assessed for each fuel. The stove thermal efficiency by fuel and the fuel heating values employed
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in this study to calculate the LCA results are provided in Table A-27 and Table A-28,
respectively. The remainder of this section presents results for each environmental indicator.

Table A-27. Stove Thermal Efficiency Applied by Fuel for Bangladesh

Fuel Type Stove Thermal Efficiency Sources
Firewood 13.5% IEA, 2014
Charcoal Briquettes from Wood 17.5% Singh et al., 2014
Charcoal Briquettes from Bamboo 17.5% Singh et al., 2014
Non-Carbonized Briquettes from Sawdust 29.9% GACC, 2015a
Urban Uganda, 2015
Non-Carbonized Briquettes from Crop Residues 31.0% GACC, 2015a
Wood Pellets 53.0% Jetter et al., 2012
Wood Chips 31.0% GACC, 2015a
Ethanol from Sugarcane 53.0% Aprovecho inggzarch Center,
Ethanol from Wood 53.0% Aprovecho Research Center,
2009
Biogas from Dung 55.0% Singh et al., 2014
LPG 57.0% Singh et al., 2014

Table A-28. Fuel Heating Values for Bangladesh

Fuel Type HHV (MJ/kg) Sources
Firewood 15.84 Singh etal., 2014
Charcoal Briquettes from Wood 27.86 Singh etal., 2014
Charcoal Briquettes from Bamboo 32.19 Singh et al., 2014
NMBA, 2005
Non-Carbonized Briquettes from Sawdust 18.6 Kaur et al., 2012

Grover et al., 1996
Davies et al., 2013
Vyas et al., 2015

Non-Carbonized Briquettes from Crop Residues 14.54 Vyas et al., 2015
Wood Pellets 17.94 Singh et al., 2014
Jetter et al., 2012
Wood Chips 15.84 Singh et al., 2014
Ethanol from Sugarcane 28.33 Aprovecho Research Center,
2009
Ethanol from Wood 28.33 Aprovecho Research Center,
2009
Biogas from Dung 18.2 Singh et al., 2014
LPG 53.37 Singh et al., 2014

A.4.2.1 Total Energy Demand

Table A-29 and Figure A-26 display the total energy demand impact results for fuels in
Bangladesh by life cycle stage. Total energy demand sources consist of non-renewable fuels
(natural gas, petroleum, coal, and nuclear) and "renewable" fuels (e.g. biomass, hydro). Energy
demand tracks all energy inputs across the life cycle of the fuel, with energy impacts shown at
the point of use of the relevant fuel.

The total energy demand results are largely a function of the fuel heating value and thermal
efficiency of the fuel and stove combination (Table A-28 and Table A-27). Stoves with higher
efficiencies (e.g., LPG, biogas, ethanol, and wood pellets) have a lower total energy demand
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overall, because more of the heating value of the fuel is converted into useful cooking energy
and therefore less fuel must be produced, transported, and burned to deliver the same amount of
cooking energy.

A number of observations can be made regarding energy results for the various types of fuels.
For sugarcane ethanol, the feedstock energy results include not only the energy value of the
sugar that is converted to ethanol but also the energy content of the bagasse, which provides the
majority of energy used to process the sugarcane to molasses and then to ethanol. Wood ethanol
energy demand impacts are lower than sugarcane since the wood residues are directly converted
to ethanol; whereas, the sugarcane ethanol undergoes more agricultural and pre-processing steps
to manufacture the ethanol end product. A co-benefit of ethanol production is the production of
electricity, which may be exported. As discussed in the Appendix B methodology, this model
employs the cut-off allocation methodology; therefore, a credit is not given here to the sugarcane
or wood ethanol for exported electricity, so the energy demand impacts for ethanol should be
considered as the upper bounds for these fuel types.

For non-carbonized wood fuels, the wood pellets and wood chips have a lower total energy
demand than traditional firewood. Wood chips and wood pellets typically have a lower moisture
content, greater energy content, and greater surface area than the traditional solid biomass, which
allows the fuel to combust more efficiently. It is also more common to see improved cookstoves,
which have higher stove thermal efficiencies, used in combination with the wood chips and
wood pellets in Bangladesh.

For briquettes, the energy demand impact for the carbonized briquettes from wood and bamboo
is relatively high compared to other fuels due to the lower stove efficiencies for metal charcoal
briquette stoves in Bangladesh and the charcoal kiln energy impacts. That is, additional energy is
consumed when burning firewood at the kiln to produce charcoal prior to charcoal utilization in a
cookstove. All non-carbonized sawdust briquettes in Bangladesh are modeled as pressed
manually and dried naturally to 10% moisture content. This requires 1.5 kg wood input to each 1
kg briquette, assuming a 40% moisture content of the original greenwood.!"

Overall, liquid and gas fuels as well as processed solid biomass fuels not requiring additional
combustion of solid fuel for processing (e.g., wood pellets) lead to the lowest overall total energy
demand impacts.
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Table A-29. Total Energy Demand (MJ) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production  Processing Distribution Use Total
;ﬂgrgfgﬁgfs Firewood 0 0 0 16,742 16,742
Charcoal briquettes from wood 0 10,530 0.018 12,911 23,441
Charcoal briquettes from bamboo 0 10,530 0.018 12,911 23,441
Non-carbonized briquettes from
Processed solid | sawdust 0 9,408 0.42 7,556 16,965
biomass Non-carbonized briquettes from
rop residues g 0 0 0.0028 6,733 6,733
Wood pellets 0 1,011 0.25 4,139 5,150
Wood chips 0 42.0 0.0058 7,296 7,338
Ethanol from sugarcane 440 9,954 6.77 4,263 14,663
Liquid/gas Et_hanol from wood 0 102 0.071 4,684 4,787
Biogas from dung 0 0 0 4,111 4,111
LPG 61.1 574 104 3,964 4,702
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Figure A-26. Total Energy Demand (MJ) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year
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A.4.2.2 Net Energy Demand

Table A-30 and Figure A-27 illustrate the net energy demand impact results for fuels in
Bangladesh by life cycle stage. Net energy demand is calculated in the same way as total energy
demand, with the final energy delivered to the cooking pot deducted from the results. The net
energy indicator is, therefore, the additional energy required for the life cycle of the cookstove
fuel beyond what is delivered to the consumer for cooking purposes. For Bangladesh, 6.19 MJ of
cooking energy are consumed per household per day, which equates to 2,259 MJ per household
per year.}" Utilization of unprocessed solid biomass (i.e. firewood) consumes approximately
seven times more energy than is provided to the pot, as listed in the last column of Figure A-31.
Similar levels of net energy demand are seen for charcoal briquettes, non-carbonized briquettes
from sawdust, and ethanol from sugarcane. The lowest overall net energy demand is calculated
for non-carbonized briquettes from crop residues, wood pellets, wood chips, ethanol from wood,
biogas from dung, and LPG. Production, processing, distribution, and use of these less energy
intensive fuels uses 0.82 to 2.25 times the amount of energy delivered to the pot.

Table A-30. Net Energy Demand (MJ) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year

] Net Energy
Life Cycle Stage Consumed-
Feedstock Delivered
Production ~ Processing  Distribution Use Total Energy
Unprocessed
solid Firewood 0 0 0 14,483 | 14,483 6.41
biomass
chr;z:jcom briquettes from 0 10,530 0018 | 10651 | 21,182 9.38
Charcoal briquettes from 0 10,530 0018 | 10651 | 21,182 9.38
bamboo
Proce_ssed Non-carbonized briquettes 0 9,408 0.42 5297 | 14,706 6.51
solid from sawdust
biomass Non-carbonlz_ed briquettes 0 0 0.0028 4,474 4.474 1.98
from crop residues
Wood pellets 0 1,011 0.25 1,880 2,890 1.28
Wood chips 0 42.0 0.0058 5,036 5,078 2.25
Ethanol from sugarcane 440 9,954 6.77 2,004 12,404 5.49
Ethanol from wood 0 102 0.071 2,425 2,528 1.12
Liquid/gas -
Biogas from dung 0 0 0 1,852 1,852 0.82
LPG 61.1 574 104 1,704 2,443 1.08
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Figure A-27. Net Energy Demand (MJ) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year
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A.4.2.3 Global Climate Change Potential

Table A-31 and Figure A-28 present the global climate change potential (GCCP) impact results
for fuels in Bangladesh by life cycle stage. The GCCP impact category represents the heat
trapping capacity of greenhouse gases over a 100 year time horizon. Fossil fuel GCCP impacts
are dominated by combustion emissions in the cookstove use stage.

Biogas GCCP impacts are primarily from methane leakage during the production of biogas in an
anaerobic digester. Sugarcane ethanol, charcoal briquettes from bamboo, and briquettes from
crop residues are derived from renewable biomass that removed CO; from the atmosphere during
growth; therefore, the CO2 emissions released from combustion of these fuels is considered
carbon neutral, as discussed in detail in the Appendix B methodology. Impacts for these
renewable fuels during the use phase are driven by nitrous oxide and methane emissions during
cookstove use. Impacts associated with fertilizer production and emissions from application also
play a role in the sugarcane ethanol overall impacts.

Based on the decreasing trend in forest area in Bangladesh, all of the wood harvested for use as
cooking fuel is considered unsustainably sourced, and the combustion emissions for the non-
sustainable use of wood are not considered carbon-neutral. This adjustment is also applied to
other wood fuels (wood-derived charcoal briquettes, wood pellets and wood chips), but not to
fuels derived from wood wastes (wood ethanol and non-carbonized briquettes from sawdust).
With the cut-off modeling methodology used in this analysis, wood wastes are treated as a “free”
product (all burdens are allocated to the primary wood product, e.g., lumber, which is outside the
scope of this study), so emissions of biomass CO> for fuels derived from wood waste are treated
as carbon neutral. For charcoal briquettes, GCCP impacts for carbonization of the wood in the
kiln are comparable in magnitude to the emissions from combustion of the charcoal briquettes in
a cookstove. Charcoal kiln impacts are largely driven by the methane emissions during the
carbonization process. Combustion emissions for bamboo-derived charcoal briquettes are lower
than for wood-derived charcoal briquettes because bamboo is a renewable crop and all
combustion emissions are considered carbon-neutral, while none of the wood combustion
emissions are considered carbon-neutral, since the wood supply in Bangladesh is considered
non-renewable based on the decreasing forest area. All GHGs associated with the production and
combustion of LPG, including CO- emissions from cooking, are considered fossil-derived and
accounted for in the GCCP impacts.
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Table A-31 Global Climate Change (100a) Potential Impacts (kg CO: eq) for Cooking Fuel

Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year
Life Cycle Stage
Feedstock
Production  Processing Distribution Use Total
Unprocessed
Solid Firewood 0 0 0 1,875 1,875
Biomass
Charcoal Briquettes from Wood 0 907 311 1,341 2,279
Charcoal Briquettes from Bamboo 0 335 311 104 470
Processed Non-Carbonized Briquettes from 0 0 312 173 204
- Sawdust
{SO“d Non-Carbonized Briquettes from Crop
Biomass . 0 0 0.21 103 103
Residues
Wood Pellets 0 67.5 18.5 775 860
Wood Chips 0 3.35 0.43 816 820
Ethanol from Sugarcane 180 11.9 0.48 2.16 195
Liquid/Gas Et.hanol from Wood 0 111 5.28 2.16 18.5
Biogas from Dung 0 20.8 0 2.99 23.8
LPG 104 34.2 7.11 619 671
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Figure A-28. Global Climate Change (100a) Potential Impacts (kg CO:2 eq) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year
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A.4.2.4  Black Carbon and Short-Lived Climate Pollutants

Table A-32 and Figure A-29 display the black carbon and short-lived climate pollutants impact
results for fuels in Bangladesh by life cycle stage. Black carbon (BC) is formed by incomplete
combustion of fossil and bio-based fuels. BC is the carbon component of particulate matter (PM)
with aerodynamic diameter less than or equal to 2.5 microns (PM2.5). This is the size of PM that
most strongly absorbs light and thus has potential radiative forcing effects (i.e., potential to
contribute to global warming). Potential climate forcing impacts resulting from BC emissions
include direct, albedo (i.e., fraction of solar energy hitting the earth that is reflected), and other
effects. BC is emitted with other particles (e.g. organic carbon) and criteria pollutants such as
nitrogen and sulfur dioxides. Though some of these co-pollutants may exert a cooling effect on
climate, the net effects of BC emissions likely contribute to global climate warming. Appendix B
shows the 20 year global warming potential and black carbon equivalent values used in the
results calculation. Results are presented here based on BC equivalents. The highest BC impacts
are seen for traditional unprocessed biomass fuels as well as charcoal and non-carbonized
briquettes, which tend to have high particulate matter emissions when combusted. Similarly,
high emissions of particulate matter are seen in the charcoal kiln, which combusts wood to
carbonize the fuel. Utilization of the liquid and gas fuels result in the lowest overall BC impacts.
Some life cycle stages, for instances those related to sugarcane ethanol and LPG, have negative
BC equivalent impacts, which is the case when emissions of SOx and organic carbon, pollutants
with net cooling effects on the climate, are greater than the emissions of BC and other co-emitted
pollutants that lead to short term warming impacts.

Table A-32. Black Carbon and Short-Lived Climate Pollutant Impacts (kg BC eq) for
Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production  Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 1.70 1.70
Biomass
Charcoal Briquettes from Wood 0 0.70 0.0021 0.58 1.28
Charcoal Briquettes from 0 0.70 0.0021 058 1.8
Bamboo
Processed | Non-Carbonized Briquettes from
Solid Sawdust 0 0 0.0021 1.20 1.20
Biomass Non-Carpomzed Briquettes from 0 0 1.4E-05 1.90 1.90
Crop Residues
Wood Pellets 0 -0.0030 0.0012 0.047 0.045
Wood Chips 0 7.9E-04 2.9E-05 0.74 0.74
Ethanol from Sugarcane -0.0039 -0.016 -2.6E-04 0.0063 -0.014
o Ethanol from Wood 0 0.0037 3.5E-04 0.0063 0.010
Liquid/Gas -
Biogas from Dung 0 0 0 0.015 0.015
LPG 0.0013 -0.0082 -0.0027 0.012 0.0028
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Figure A-29. Black Carbon and Short-Lived Climate Pollutant Impacts (kg BC eq) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year
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A.4.25 Particulate Matter Formation Potential

Table A-33 and Figure A-30 show the particulate matter formation impact results for fuels in
Bangladesh by life cycle stage. Particulate matter can contribute to many negative health impacts
such as effects on breathing and respiratory systems, damage to lung tissue, cancer, and
premature death. Primary and secondary pollutants leading to particulate matter formation as
well as PM2.5 are characterized here to kg PM10 eq. Firewood and briquettes (carbonized and
non-carbonized) lead to the greatest particulate matter formation impacts. Most particulate matter
formation impacts occur during cookstove use at the household with the exception of charcoal
briquettes, where the carbonization of the wood in the kiln dominates the overall life cycle
impacts. LPG, ethanol as well as biogas and wood pellets have comparably small particulate
matter impacts.

Table A-33. Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking
Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production  Processing  Distribution Total
Unprocessed
Solid Firewood 0 0 0 6.84 6.84
Biomass
Charcoal Briquettes from Wood 0 1.06 0.0539 1.57 2.69
Charcoal Briquettes from Bamboo 0 1.06 0.0539 1.57 2.69
Processed gon-Carbonized Briquettes from 0 0 0.0540 486 4.92
Solid Ni)vr:d(ulztrbonized Briquettes from
Biomass Crop Residues 0 0 0 8.86 8.86
Wood Pellets 0 0.0432 0.0320 0.233 0.31
Wood Chips 0 0.013 7.5E-04 2.98 2.99
Ethanol from Sugarcane 0.2576 0.079 3.5E-03 0.0010 0.34
_ Ethanol from Wood 0 0.1371 9.1E-03 0.0010 0.15
Liquid/Gas |—:
Biogas from Dung 0 0 0 0.175 0.17
LPG 0.0256 0.0632 0.0360 0.135 0.26
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A.4.2.6  Fossil Fuel Depletion

Table A-34 and Figure A-31 provide the fossil fuel depletion impact results for fuels in
Bangladesh by life cycle stage. Fossil depletion captures the consumption of fossil fuels,
primarily coal, natural gas, and crude oil. All fuels are normalized to kg oil eq based on the
heating value of the fossil fuel relative to the heating value of a kg of oil. The fossil depletion
associated with firewood as well as biogas and ethanol from wood is negligible, as these fuels
are not derived from fossil fuel, and collection of these fuels is done manually. While biomass
fuels are not derived from fossil fuels, some fossil fuels may be consumed across the life cycle of
these fuels for energy inputs to fuel production and processing, distribution, and disposal. Fossil
depletion for wood pellets is associated with electricity usage for pelletization and some
transport, while sugarcane ethanol fossil depletion is primarily from fertilizers during cane
production, as well as diesel for farm operation and distribution of the feedstock and fuel. Some
fossil depletion impacts are also seen for processing the wood chips for the portions of these
fuels that are not processed manually (as discussed in detail in Appendix B 47% of wood
chipping is modeled as mechanized in Bangladesh). Fossil depletion impacts are highest for LPG
as this source of energy relies on fossil fuels.

Table A-34. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production = Processing Distribution Use Total
Unprocessed
solid Firewood 0 0 0 0.015 0.015
biomass
Charcoal briquettes from wood 0 0.012 0.010 0.014 0.036
Charcoal briquettes from 0 0.012 0.010 0.035 0.057
bamboo
Processed Non-carbonized brigquettes from 0 0 0.010 0.0080 0.018
solid sawdust
biomass - i i
Non car_bonlzed briguettes from 0 0 6.7E-05 0.0059 0.0060
crop residues
Wood pellets 0 222 0.0060 4.1E-04 22.2
Wood chips 0 1.00 1.4E-04 0.0063 1.01
Ethanol from sugarcane 275 6.32 0.16 0 34.0
L Ethanol from wood 0 2.41 0.0017 0 2.42
Liquid/gas -
Biogas from dung 0 0 0 0 0
LPG 1.45 13.6 2.45 93.8 111

A-81



Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

kg oil eq/Household per year

M Feedstock Production Processing  ® Distribution

EMUse o Total

120
100
80
60
40
222
20
0.015 - 0.036 - 0.057 - 0.018 - 0.0060 - 101
0 = < < < & =
Firewood Charcoal Charcoal Non-carbonized Non-carbonized Wood pellets  Wood chips
briquettes from briquettes from briguettes from briquettes from
wood bamboo sawdust crop residues
Unprocessed Processed solid biomass
solid biomass

- 340

. 2.42
o & 0

Ethanol from  Ethanol from  Biogas from
sugar@ne wood dung

Liquid/gas

111

LPG

Figure A-31. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year
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A.4.2.7 Water Depletion

Table A-35 and Figure A-32 illustrate the water depletion impact results for fuels in Bangladesh
by life cycle stage. Water depletion results are based on the volume of fresh water inputs over the
life cycle of the assessed fuels. Water may be incorporated in the fuel product, evaporated, or
returned to the same or different water body or to land. If the water is returned to the same water
body, it is assumed the water is returned at a degraded quality, and therefore is considered
consumptive use. Water consumption includes evaporative losses from establishment of
hydroelectric dams but does not include the water passing through the turbine, since that water is
not removed from its source. The hydropower in the electricity mix drives the overall water
depletion impacts. Water depletion associated with wood pellets is due to electricity usage during
pelletization/briquetting. Water depletion impacts are also notable for sugarcane ethanol, as
irrigation is required for the cane production. Some water depletion impacts are also seen for the
biogas to maintain the digester, but these are negligible when compared to the evaporative losses
from hydropower in the electricity grid. Water depletion impacts are negligible for the traditional
biomass fuel (i.e. firewood) and briquettes, which are not irrigated and processed manually (as is
the case for the briquettes). Because the water content of these fuels comes from the atmosphere
as rainfall, the water released back to the atmosphere when the biomass is dried or combusted is
not considered consumptive use.

Table A-35. Water Depletion Impacts (m® H20) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production | Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 0.11 0.11
Biomass
Charcoal Briquettes from Wood 0 0.093 9.5E-05 0.11 0.20
Charcoal Briquettes from Bamboo 0 0.093 9.5E-05 0.11 0.20
Processed gon-Carbonized Briquettes from 0 0 9.7E-05 0.061 0.061
Solig  poowdust
Biomass Non-Carpomzed Briquettes from 0 0 6.4E-07 0.046 0.046
Crop Residues
Wood Pellets 0 15.8 5.7E-05 0.0020 15.8
Wood Chips 0 1.04 1.3E-06 0.049 1.08
Ethanol from Sugarcane 125 30.2 0.093 0 155
Liquid/Gas Et_hanol from Wood 0 0.63 1.6E-05 0 0.63
Biogas from Dung 0 2.36 0 0 2.36
LPG 4.46 38.8 1.45 0 447
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Figure A-32. Water Depletion Impacts (m® H20) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year
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A.4.2.8 Terrestrial Acidification Potential

Table A-36 and Figure A-33 show the terrestrial acidification potential impact results for fuels in
Bangladesh by life cycle stage. Terrestrial acidification quantifies the acidifying effect of
substances on their environment. Important contributing emissions include SO2, NOy, and NHs.
Electricity usage for pelletization drives wood pellet acidification impacts. Ethanol contains no
sulfur, so there are no sulfur dioxide emissions, a main cause of acidification, for the ethanol
cookstove use stage, although upstream impacts are seen for cane production and ethanol
manufacture. Firewood has noticeably higher acidification impacts than the liquid and gas fuels.
The main contributing emissions leading to acidification potential for firewood are SOx and NOx.
For instance, NOx leads to 48% and SOx leads to 52% of the firewood acidification impacts,
respectively. Distribution acidification impacts in Bangladesh are highest for transportation of
the carbonized and non-carbonized briquettes since a greater mass of input fuel for the solid
biomass is required to be transported a longer distance given the proximity of end users to forests
in Bangladesh (Appendix B provides detailed discussions of the model’s transportation
parameters). The lowest overall acidification impacts are seen for biogas. Because land applied
digested sludge from biogas production is used by another product system, it is considered to be
outside the system boundaries for this analysis; however, it is possible that this land applied
digested sludge could lead to emissions of ammonia, an acidifying substance.

Table A-36. Terrestrial Acidification Potential Impacts (kg SO: eq) for Cooking Fuel
Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production | Processing | Distribution Total
Unprocessed
Solid Firewood 0 0 0 3.55 3.55
Biomass
Charcoal Briquettes from Wood 0 2.5E-04 0.13 0.46 0.59
Charcoal Briquettes from Bamboo 0 2.5E-04 0.13 0.46 0.59
Processed Non-Carbonized Briquettes from 0 0 013 101 204
; Sawdust
Solid N - Carbonized Briquettes f

Biomass on-Carbonized Briquettes from 0 0 8.6E-04 0.48 048

Crop Residues
Wood Pellets 0 0.14 0.077 0.076 0.29
Wood Chips 0 0.026 0.0018 1.55 1.57
Ethanol from Sugarcane 0.69 0.34 0.011 0 1.05
- Ethanol from Wood 0 0.16 0.022 0 0.19

Liquid/Gas |—:

Biogas from Dung 0 0 0 0.24 0.24
LPG 0.055 0.23 0.12 0.26 0.66
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Figure A-33. Terrestrial Acidification Potential Impacts (kg SO2 eq) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year
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A.4.29  Freshwater Eutrophication Potential

Table A-37 and Figure A-34 provide the freshwater eutrophication potential impact results for
fuels in Bangladesh by life cycle stage. Eutrophication assesses the impacts from excessive load
of macro-nutrients to the environment and eventual deposition in freshwater, which can result in
algal blooms, oxygen depletion, and fish kills. Pollutants contributing to this category are all P
based (e.g. phosphate, phosphoric acid, phosphorus). Firewood and charcoal briquettes (from
both wood and bamboo) result in the highest eutrophication potential impacts. This is due to the
much larger ash quantity produced from firewood, including firewood to provide energy for a
charcoal kiln, compared to all other fuels. The ash from the firewood, which contains phosphorus
is assumed to be land applied, which leads to soil emissions and eventual runoff into freshwater.
While impacts are comparably smaller for ethanol, there are some eutrophication impacts
occurring from use of phosphorus based fertilizer in sugarcane production. There are no
eutrophication impacts associated with biogas. Application of the digested sludge from the
biogas system would likely lead to some eutrophication impacts, but utilization of this useful co-
product is outside the system boundaries of this study. The digested sludge impacts are allocated
to the product system it serves (i.e. nutrients for crop production). Impacts from fossil based
fuels and biomass pellets are minimal compared to firewood and charcoal briquettes. The non-
carbonized processed biomass fuels have slightly lower eutrophication potential impacts than
traditional unprocessed biomass fuels and charcoal briquettes. Because processed biomass burns
more efficiently than unprocessed biomass, less fuel must be burned, leading to an overall lower
quantity of ash produced.

Table A-37. Freshwater Eutrophication Potential Impacts (kg P eq) for Cooking Fuel
Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock
Production Processing Distribution Total

Unprocessed
Solid Firewood 0 0 0 0.37 0.37
Biomass
Charcoal Briquettes from Wood 0 0.30 1.1E-07 0.34 0.64
Charcoal Briquettes from Bamboo 0 0.30 1.1E-07 0.34 0.64
Processed Non-Carbonized Briquettes from 0 0 11E-07 0.20 0.20
solid Sawdust
Biomass Non-Carpomzed Briquettes from 0 0 7 4E-10 0.15 015
Crop Residues
Wood Pellets 0 9.3E-04 6.6E-08 0.0064 0.0073
Wood Chips 0 1.5E-04 1.5E-09 0.16 0.16
Ethanol from Sugarcane 0.075 0.0048 1.3E-05 2.4E-06 0.079
- Ethanol from Wood 0 5.0E-06 1.9E-08 2.4E-06 7.4E-06
Liquid/Gas |—:
Biogas from Dung 0 0 0 0 0
LPG 6.3E-04 0.0049 1.6E-04 0 0.0056
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Figure A-34. Freshwater Eutrophication Potential Impacts (kg P eq) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year
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A.4.2.10 Photochemical Oxidant Formation Potential

Table A-38 and Figure A-35 present the photochemical oxidant formation potential impact
results for fuels in Bangladesh by life cycle stage. The photochemical oxidant formation (i.e.
smog formation) results are an indicator of the potential for formation of reactive substances that
cause harm to human health and vegetation. Results are characterized here to kg of non-methane
volatile organic compounds (NMVOC) eq. Some key emissions for cookstove fuel systems that
contribute to photochemical oxidant formation include carbon monoxide, methane, nitrogen
oxides, NMVOCs, and sulfur dioxide. Charcoal briquettes, followed by processed wood fuels,
lead to the greatest photochemical formation impacts. For charcoal briquettes, impacts are split
between the fuel processing stage (carbonization in a kiln) and the use stage. Photochemical
oxidant formation impacts are relatively small for the liquid fuels, processed non-carbonized
biomass and biogas.

Table A-38. Photochemical Oxidant Formation Potential Impacts (kg NMVOC eq) for
Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Use Total
Unprocessed
Solid Firewood 0 0 0 8.96 8.96
Biomass
Charcoal Briquettes from Wood 0 49.8 0.22 11.4 61.4
Charcoal Briquettes from Bamboo 0 49.8 0.22 114 61.4
Processed Non-Carbonized Briquettes from 0 0 0.22 391 393
; Sawdust
Solid 1 on-Carbonized Briquettes

Biomass on-Carbonized Briquettes from 0 0 00015 6.86 6.86

Crop Residues
Wood Pellets 0 0.27 3.6E-06 0.23 0.50
Wood Chips 0 0.044 0.0030 26.0 26.1
Ethanol from Sugarcane 0.38 0.11 0.0087 0.14 0.64
- Ethanol from Wood 0 0.28 0.038 0.14 0.46

Liquid/Gas |—:

Biogas from Dung 0.0083 0 0.25 0.26 0.51
LPG 0.11 0.13 0.093 1.14 1.48
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Figure A-35. Photochemical Oxidant Formation Potential Impacts (kg NMVOC eq) for Cooking Fuel Types (Bangladesh)
To produce, distribute and use cooking fuels by a single household per year
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A4.3 Economic Indicators for Bangladesh

A.43.1 Fuel Use

The percentages of the population in Bangladesh using various fuel types as their primary
cooking fuel are shown in Figure A-36. Biomass dominates cooking fuel use, with about 83
percent of the population using some form of biomass, and about 8 to 9 percent of the population
uses LPG or dung.!”® The biomass used consists mostly of firewood and unprocessed crop
residues, particularly rice husks, or any fuel that is free for collecting,!’® but there is also some
use of bamboo.”” Those in rural areas primarily use biomass fuels, while about 50 percent of
urban residents use biomass and the remainder use LPG or other types of fuels.}’® There is some
commercial production of rice husk briquettes for urban users (with 900 briquetting machines in
the country),17%180 as well as some production of wood pellets,'®! and there are about 50,000
household and village-level biogas digesters in rural areas. Ethanol use as a cooking fuel is
almost non-existent, in spite of some past government initiatives to promote this fuel for
cooking.182'183

During the monsoon season it can be difficult to gather fuels, so households must purchase more
fuel. There is approximately a 5 percent increase in the number of people purchasing fuel in the
wet season compared to the dry season. 84

0.3%

Firewood
m Crop Residues
45.9% B Natural Gas
B PG
H Dung

| All other fuels

Source: GACC, 2014c

Figure A-36. Current Cooking Fuel Mix in Bangladesh

A.43.2  Fuel Imports, Exports, Production, and Demand in Bangladesh

Table A-39 shows the levels of imports, exports, production, and demand (assumed to be equal
to current consumption) of several fuels in Bangladesh. The data on total and household demand
do not differentiate between fuel use for cooking and fuel use for other purposes such as heating.
Bangladesh is unable to meet most of its LPG demand with domestic production, and so imports
make up about 80 percent of demand.* Ethanol production is quite high and is about ten times
higher than demand.'8 While no specific data are available on exports, most of this ethanol is
likely exported. Bangladesh produces about 26.8 million tonnes of firewood,'®” but this figure is
unlikely to capture firewood that is gathered by the end user for cooking fuel.
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Table A-39. Fuel Imports, Exports, Production, and Demand in Bangladesh
(Tonnes per Year)

Demand
Fuel Imports | Exports | Production Total Household Sources
LPG 32,000 No data 8,000 40,000 40,000 UNSD, 2011
Ethanol No data | No data 208,839 19,400 No data OECD/FAOQ, 2014
Firewood Nodata | Nodata | 26,815,639 No data No data FAO, 2014
Charcoal Briquettes 50 60 326,700 326,700 No data UNSD, 2011

A.4.3.3 Fuel Cost in Bangladesh

Figure A-37 shows the price per household per year for the cooking fuels in Bangladesh for
which data are available. LPG is the most expensive fuel, at about $490 per household per year.
Firewood is often free for collecting in rural areas, but can cost $204 per household per year if
purchased. Non-carbonized crop residue briquettes are the least expensive fuel, at $181 per
household per year.
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$500
$400
$300
$200 $204.00 $180.55
$100

S0

2013 USD per Household per Year

LPG Firewood Non-Carbonized Briquettes
from Crop Residues

Fuel Type
Note: No data available for fuel types not included.

Source: Accenture, 2012a

Figure A-37. Fuel Cost Indicator for Cooking Fuels in Bangladesh.

Ad.4 Social Indicators for Bangladesh

A.44.1  Government Policies/Programs

Given the relative novelty of the feedstock-fuel combinations in the present study, limited
information is available from Bangladesh’s government regarding the promotion of or resistance
to specific cookfuels. Evidence from one assessment suggests the government tries to regulate
the LPG market; however, despite a cut in government duties, LPG costs increased
approximately 30 percent from 2011 to 2012.1% Relatedly, if LPG is too expensive in urban
areas, the government supplies users with natural gas instead.'®® Similar to the limited efficacy of
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government policies regarding LPG, ethanol is used minimally as a cooking fuel despite past
government initiatives to promote its adoption.**

Despite these challenges, progress is observed as evidenced by government microfinance
programs (through Grameen Bank and other institutions) that support clean cookstove adoption
and entrepreneurism.!! The government-owned Infrastructure Development Company, Ltd.,
which has installed over 1.2 million solar home systems, and public-private partnerships, such as
those developed through the government’s Sustainable Energy for Development (SED) Program,
which has helped construct over 1,500 commercial biogas plants,*®? have also gained traction.
Although these initiatives are aimed at improving rural electrification and have not necessarily
led to improved access to clean cooking methods (for example, the solar home systems
mentioned above are primarily used for lighting and charging mobile devices),'*® they illustrate
the potential for the uptake of non-traditional energy sources in Bangladesh.

With respect to the energy sector as a whole, the Bangladeshi government recently identified
three priorities:

1. Address the inadequate supply of electricity relative to demand,
2. Reduce dependency on single energy source (gas) for electricity generation, and
3. Promote the use of renewable energy.

To these ends, the government has increased the price of electricity sold through the state-run
power company as well as promoted a variety of sustainable energy initiatives.!** Key programs
(some of which began prior to the codification of the tenets above) include the Ministry of
Power’s 2008 Renewably Energy Policy (created the Sustainable and Renewable Energy
Development Agency (SREDA), which coordinates tax exemptions for the renewable energy
sector, sets policy targets, and more'®), the Ministry of Environment and Forest’s development
of a Climate Change Strategy and Action Plan, and the national government’s push to improve
energy affordability by providing fuel subsidies for all (presumably fossil) fuels except coal.'%

While not cookfuel-, cookstove-, or energy sector-specific, the National Policy for the
Advancement of Women “aims to promote and protect women’s rights across a number of areas
such as health, employment, and poverty reduction,”®” and has the potential to facilitate female
engagement in the clean cooking sector.

A.4.42  Supply & Access Challenges

The availability of firewood is diminishing due to a deforestation rate of 0.2 percent per
year.1981%% Although deforestation has largely been reversed through concentrated action by the
government and its development partners,® the 12.1 million rural households (36 percent of the
total population) who rely on collected fuels?®* continue to face energy security issues.
Moreover, firewood acquisition patterns are changing among those with the ability to pay for
some or all of their cooking energy: from 2004 to 2011 the number of rural households
purchasing firewood increased from 40 percent to approximately 65 percent, with some variation
based on the season. The 2.9 million urban households who rely on a mix of firewood, kerosene,
and electricity to cook?®? might also be impacted by Bangladesh’s shifting forestry sector.
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Other fuels cannot be acquired reliably due to poor or diverted feedstock supplies. For example,
little cellulose or sawdust is available for ethanol cookfuel production®® since most of these
feedstocks appear to support the production of biofuel for transportation. Although the
competition for ethanol feedstocks is not noted explicitly in the literature, Bangladesh’s ethanol
production is documented at ten times its consumption,2** and with no substantial use of ethanol
for cooking,?® a possible conclusion is the diversion of ethanol production away from cookfuel
towards the more lucrative biofuel.

Similarly, although bamboo is available, a lack of briquetting infrastructure means it is typically
only burned raw.?% LPG is unique in that strong infrastructure is in place in Bangladesh’s large
urban centers, but historically high prices have reduced demand to the point that only about 8
percent of the population is using the fuel?®” and it is not widely available.?%®

A.4.4.3 Distribution & Adoption Challenges

In addition to cost barriers, one of the key challenges to the adoption of alternative fuels in
Bangladesh relates to a lack of awareness regarding the environmental, social, and health

impacts of household fuel choices. Although awareness is only possible after supply is available
and affordable, limited outreach efforts have been aimed at promoting (or marketing) the benefits
of alternative fuels.?°®2%0 Certain infrastructural barriers exist, as well. With 72 percent of the
population living in rural areas and only 30 percent of the roads paved,?!* enterprises looking to
scale up transportation-sensitive fuel industries such as LPG could have substantial difficulties.

A challenge specific to women is that they tend not to have the necessary collateral to apply for
loans to afford the upfront cost of alternative cooking solutions (such as biogas digesters) or even
have the financial positioning required to afford an improved biomass stove.?'? If women
struggle to find financing options for the procurement of nontraditional cooking options for their
homes, it indicates the substantial barriers they would face when trying to borrow at the
enterprise level.

A.4.4.4  Protection & Safety

Collection of animal dung and crop residues usually occurs somewhat close to the household,
and no safety issues were found in the literature. Firewood collection by women and young girls
in remote locations, however, creates opportunities for physical and sexual harassment.
Following from and augmenting these direct risks, women and young girls who survive acts of
physical and sexual violence can be perceived as having humiliated their families and may face
domestic violence at home and societal abuse in their communities.?*®

Other threats to long-term health from travelling long distances and repeatedly bending to
manually gather fuels include spinal column damage, sprains, and strains.?** Moreover, these
repetitive stress injuries can affect the performance of other obligations.

A445 Time & Drudgery

Women in Bangladesh are the primary collectors of biomass residues,?*® spending approximately
36 person-days per year on preparing biomass for cookfuel.?*® With increasing deforestation—
only about 11 percent of Bangladesh is under forest cover?*’—and longer distances to travel to
make up for biomass shortages, it is reasonable to expect that the fuel collection time and labor
demanded of rural women will increase.?'® Although a fuel-specific and gender-disaggregated
breakdown of the time spent collecting fuel is not possible, some data are available. For example,
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rural households in Bangladesh spent on average 58.9 hours annually collecting firewood, 116.4
hours annually collecting tree leaves and crop residues, and 24.72 hours annually collecting
animal dung.?® lllustrating the potential for nontraditional fuels to positively impact these fuel
collection times is evidence from one study that found substantial time savings when those
relying on manually collected firewood switched to rice husk briquettes.?%

Potential time savings also exist with respect to cooking. Bangladeshi women have primary
responsibility for cooking in both urban and rural settings, spending an average of four to five
hours per day cooking over traditional fuels and six to eight hours per day in the kitchen total. A
substantial driver of these cooking times is lunch, which typically takes three to five hours to
prepare.??! Although fuel-specific cooking times for alternative fuels are not available in
Bangladesh, evidence from countries with similar traditional fuel landscapes, such as India,

suggests there are opportunities for time savings with the adoption of liquid and gaseous fuels.???

A.4.46  Income Earning Opportunities

Given the newness of the feedstock-fuel combinations in the present study, limited information
regarding the income earning opportunities associated with specific cookfuels is available. There
is anecdotal evidence of enterprises who produce pellets from wood experiencing success by
marketing their product as low cost relative to other alternative fuels and relatively smoke-free
compared to firewood. Similar opportunities are thought to be available for producers of charcoal
briquettes from wood, especially as organizations continue to raise awareness about social issues
such as health impacts to women who cook over traditional fuels and environmental issues such
as deforestation.??

Another opportunity market is present in the biogas sector. Grameen Shakti—formed initially to
produce photovoltaic solar-home systems??*—nhas installed over 30,000 biogas plants in
Bangladesh since 2005, thanks in part to its innovative microfinance solutions that help buyers
overcome the upfront costs of new biogas systems.??°>226 Grameen Shakti has been able to create
jobs for their employees who supervise and service the plants as well as the local masons and
laborers who install them.??” Moreover, income earning opportunities are present for end users
who can sell the biogas or bio-fertilizer (slurry) they produce to their neighbors.??3

A.4.4.7  Opportunities for Women Along the Value Chain

According to the Global Alliance for Clean Cookstoves 2013 Results Report, the clean
cookstove industry in Bangladesh currently has 670 employees (24 percent of whom are women)
and 13,422 microentrepreneurs (63 percent of whom are women).??® However, there are
currently no data available to estimate potential increases of skills for women with respect to
specific fuels. Formal networks for women interested in the energy sector are relatively new in
Bangladesh and involvement, as of 2004, was viewed more as a leisure activity than an
opportunity for professional development.?3°

Additionally, general insights suggest that there are substantial societal barriers facing
Bangladeshi women who want to become involved in the cookfuel sector.?®! This trend is
supported by a 2005 study—though not fuel- or energy-sector specific—that found all rural
microenterprises included in the survey were owned by men, and that women represented only
1.5 percent of all surveyed employees. The authors go on to note that a 2003 survey with a
similar scope found that women represented 9 percent of the rural labor force.?®? A key reason
for the gender divide in rural Bangladesh’s workforce is that a large share of many women’s time
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is consumed with household responsibilities. Moreover, religion and custom limit women’s
access to markets and other areas of commercial activity. As such, women-headed enterprises
tend to be located in the home and operate as cottage industries. Women operating in these
informal sectors have less access to technical training, financial resources, and new technologies.
In aggregate, these barriers provide limited incentives for involvement in the cooking fuel
sector.?3® On the other hand, if attitudes towards women in the public sphere become more
progressive, there are no structural reasons why women’s involvement in fuel manufacture and
distribution could not expand.?3*
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Latin America

A.5 Detailed Results for Guatemala

A5.1 Overview of Guatemala

Guatemala is Central America’s most populous country,?® with the population almost equally

divided between urban and rural areas.?®® Overall, the dominant cooking fuels currently used in
Guatemala are unprocessed solid fuels (e.g., firewood and crop residues) and LPG. Adequate
fuel supply is a key consideration. For example, Guatemala has shown an overall trend of an
approximately 1.5 percent decrease in forest land per year over recent years,?*” and 48 percent of
Guatemala’s land area is under the threat of severe drought.?3®

Fuel cost is another key issue. Fifty-four percent of the population is under the national poverty
line of about $3.21 per capita per day,?® and approximately 14 percent of the Guatemalan
population lives below the international poverty line ($1.25 per capita per day).?*° Due to the
poverty in Guatemala, many households can only afford to purchase fuel a day at a time.?** Even
those who can afford cleaner cooking fuels may still use biomass fuels to some extent. For
example, a staple in the Guatemalan diet is beans, which require long cooking times and
therefore may be too expensive to cook using a cleaner purchased fuel such as LPG.

The following sub-sections address the environmental, economic, and social considerations
related to cooking fuels and stoves for Guatemala in greater detail.

A5.2 Environmental Indicators for Guatemala

This section covers the detailed Guatemala LCA results for the ten environmental indicators
assessed for each fuel. The stove thermal efficiency by fuel and the fuel heating values employed
in this study to calculate the LCA results are provided in Table A-40 and Table A-41,
respectively. The remainder of this section presents results for each environmental indicator.

Table A-40. Stove Thermal Efficiency Applied by Fuel for Guatemala

Fuel Type Stove Thermal Efficiency Sources
Firewood 15.0% GACC, 2010
Charcoal Briquettes from Wood 28.7% Pennise et al., 2001
Charcoal Briquettes from Bamboo 28.7% Pennise et al., 2001
Non-Carbonized Briquettes from Sawdust 20.0% Urban Uganda, 2015
Non-Carbonized Briquettes from Crop Residues 31.0% GACC, 2015a
Wood Pellets 53.0% Jetter et al., 2012
Wood Chips 31.0% GACC, 2015a
Ethanol from Sugarcane 53.0% Aprovecho ggggarch Center,
Ethanol from Wood 53.0% Aprovecho Research Center,

2009

Biogas from Dung 55.0% Singh et al., 2014
LPG 57.0% Singh et al., 2014
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Table A-41. Fuel Heating Values for Guatemala

Fuel Type HHV (MJ/kg) Sources
Firewood 17.4 Boy et al., 2000
Charcoal Briquettes from Wood 29.2 Pennise et al., 2001
Charcoal Briquettes from Bamboo 18.6 Pennise et al., 2001
Non-Carbonized Briquettes from Sawdust 18.6 Kaur et al., 2012

Grover et al., 1996
Davies et al., 2013
Vyas et al., 2015

Non-Carbonized Briquettes from Crop Residues 16.08 Zhang, et al. 2000

Wood Pellets 17.94 Jetter et al., 2012

Wood Chips 17.4 Boy et al., 2000

Ethanol from Sugarcane 28.3 Aprovecho Research Center,
2009

Ethanol from Wood 28.3 Aprovecho Research Center,
2009

Biogas from Dung 18.2 Singh et al., 2014

LPG 53.4 Singh et al., 2014

A.5.2.1 Total Energy Demand

Table A-42 and Figure A-38 display the total energy demand impact results for fuels in
Guatemala by life cycle stage. Total energy demand sources consist of non-renewable fuels
(natural gas, petroleum, coal, and nuclear) and "renewable™ fuels (e.g. biomass, hydro). Energy
demand tracks all energy inputs across the life cycle of the fuel, with energy impacts shown at
the point of use of the relevant fuel.

The total energy demand results are largely a function of the fuel heating value and thermal
efficiency of the fuel and stove combination (Table A-40 and Table A-41). Stoves with higher
efficiencies (e.g., LPG, biogas, ethanol, and wood pellets) have a lower total energy demand
overall, because more of the heating value of the fuel is converted into useful cooking energy
and therefore less fuel must be produced, transported, and burned to deliver the same amount of
cooking energy.

A number of observations can be made regarding energy results for the various types of fuels.
For sugarcane ethanol, the feedstock energy results include not only the energy value of the
sugar that is converted to ethanol but also the energy content of the bagasse, which provides the
majority of energy used to process the sugarcane to ethanol. In Guatemala, it is assumed the
sugarcane is converted directly to ethanol, similar to the supply-chain seen in Brazil. A co-
benefit of ethanol production is the production of electricity, which may be exported. As
discussed in the Appendix B methodology, this model employs the cut-off allocation
methodology; therefore, a credit is not given here to the sugarcane or wood ethanol for exported
electricity, so the energy demand impacts for ethanol should be considered as the upper bounds
for these fuel types.

For wood fuels, the wood pellets and wood chips have a lower total energy demand than
traditional firewood. Wood chips and wood pellets typically have a lower moisture content,
greater energy content, and greater surface area than the traditional solid biomass, which allows
the fuel to combust more efficiently. It is also more common to see improved cookstoves, which
have higher stove thermal efficiencies, used in combination with the wood chips and wood
pellets in Guatemala.
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For briquettes, the energy demand impact for the carbonized briquettes from wood and bamboo
is the greatest compared to other fuels due to the lower stove efficiencies for charcoal stoves in
Guatemala and the charcoal kiln energy impacts. That is, additional energy is consumed when
burning firewood at the kiln to produce charcoal prior to charcoal briquette utilization in a
cookstove. It is assumed the charcoal from wood and bamboo in Guatemala is produced in a
surface kiln.?*? All non-carbonized sawdust briquettes in Guatemala are modeled as pressed
manually and dried naturally to 10% moisture content. This requires 1.5 kg wood input to each 1
kg briquette, assuming a 40% moisture content of the original greenwood.'"

Overall, liquid and gas fuels as well as processed solid biomass fuels not requiring additional
combustion of solid fuel for processing (e.g., wood pellets) lead to the lowest overall total energy
demand impacts.

Table A-42. Total Energy Demand (MJ) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing  Distribution Use Total
Unprocessed
solid Firewood 0 0 0 104,300 104,300
biomass
Charcoal briquettes from wood 0 156,605 0.11 54,483 211,088
Charcoal briquettes from bamboo 0 153,202 0.11 54,483 207,685
Processed Non-carbonized briquettes from 0 39227 251 78,183 117.412
solid sawdust _ _
biomass No_n-carbonlzed briquettes from crop 0 1,020 0019 50,441 52,361
residues
Wood pellets 0 10,695 1.49 29,503 40,199
Wood chips 0 601 0.034 50,441 51,041
Ethanol from sugarcane 1,282 11,480 456 29,503 42,721
Liquid/gas Et_hanol from wood 0 3,626 0.43 29,503 33,129
Biogas from dung 0 0 0 28,453 28,453
LPG 486 20,343 368 27,433 48,630
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Figure A-38. Total Energy Demand (MJ) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year
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A5.2.2 Net Energy Demand

Table A-43 and Figure A-39 illustrate the net energy demand impact results for fuels in
Guatemala by life cycle stage. Net energy demand is calculated in the same way as total energy
demand, with the final energy delivered to the cooking pot deducted from the results. The net
energy indicator is, therefore, the additional energy required for the life cycle of the cookstove
fuel beyond what is delivered to the consumer for cooking purposes. For Guatemala, 42.8 MJ of
cooking energy are consumed per household per day, which equates to 15,637 MJ per household
per year.?*® Utilization of unprocessed solid biomass (i.e. firewood) consumes a little less than
seven times more energy than is provided to the pot, as listed in the last column of Table A-43.
Similar levels of net energy demand are seen for non-carbonized briquettes from sawdust. The
highest net energy demand impacts are from charcoal briquettes due to the level of wood
required to provide energy for the surface kiln in Guatemala. The lowest overall net energy
demand is calculated for non-carbonized briquettes from crop residues, wood pellets, wood
chips, ethanol from wood, biogas from dung, and LPG. Production, processing, distribution, and
use of these less energy intensive fuels uses 0.82 to 2.35 times the amount of energy delivered to
the pot.

Table A-43. Net Energy Demand (MJ) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage Net Energy
Consumed:
Feedstock Delivered
Production Processing = Distribution Use Total Energy
Unprocessed
solid Firewood 0 0 0 88,663 88,663
biomass 5.67
Charcoal briquettes from 0 156,605 011 38,846 105,451
wood 125
Charcoal briquettes from 0 153,202 011 38,846 192,049
5 d bamboo 12.3
rocesse ; ;
A Non-carbonized briquettes
_sol|d from sawdust 0 39,227 251 62,546 101,776 6.51
biomass Non-carbonized briquettes
. q 0 1,920 0.019 34,804 36,724
from crop residues 2.35
Wood pellets 0 10,695 1.49 13,866 24,563 1.57
Wood chips 0 601 0.034 34,804 35,405 2.26
Ethanol from sugarcane 1,282 11,480 456 13,866 27,084 1.73
L Ethanol from wood 0 3,626 0.43 13,866 17,492 1.12
Liquid/gas -
Biogas from dung 0 0 0 12,817 12,817 0.82
LPG 486 20,343 368 11,796 32,993 2.11
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Figure A-39. Net Energy Demand (MJ) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year
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A5.2.3 Global Climate Change Potential (100a)

Table A-44 and Figure A-40 present the global climate change potential (GCCP) impact results
for fuels in Guatemala by life cycle stage. The GCCP impact category represents the heat
trapping capacity of greenhouse gases over a 100 year time horizon. Fossil fuel GCCP impacts
are dominated by combustion emissions in the cookstove use stage.

Biogas GCCP impacts are primarily from methane leakage during the production of biogas in an
anaerobic digester. Sugarcane ethanol, charcoal briquettes from bamboo, and briquettes from
crop residues are derived from renewable biomass that removed CO; from the atmosphere during
growth; therefore, the CO2 emissions released from combustion of these fuels is considered
carbon neutral, as discussed in detail in the Appendix B methodology. Impacts for these
renewable fuels during the use phase are driven by nitrous oxide and methane emissions during
cookstove use. Impacts associated with fertilizer production and emissions from application also
play a role in the sugarcane ethanol overall impacts.

Based on the decreasing trend in forest area in Guatemala, all of the wood harvested for use as
cooking fuel is considered unsustainably sourced, and the combustion emissions for the non-
sustainable use of wood are not considered carbon-neutral. This adjustment is also applied to
other wood fuels (wood-derived charcoal briquettes, wood pellets and wood chips), but not to
fuels derived from wood wastes (wood ethanol and non-carbonized briquettes from sawdust).
With the cut-off modeling methodology used in this analysis, wood wastes are treated as a “free”
product (all burdens are allocated to the primary wood product, e.g., lumber, which is outside the
scope of this study), so emissions of biomass CO> for fuels derived from wood waste are treated
as carbon neutral. For charcoal briquettes, GCCP impacts for carbonization of the wood in the
kiln are comparable in magnitude to the emissions from combustion of the charcoal briquettes in
a cookstove. Charcoal kiln impacts are largely driven by the methane emissions during the
carbonization process. Combustion emissions for bamboo-derived charcoal briquettes are lower
than for wood-derived charcoal briquettes because bamboo is a renewable crop and all
combustion emissions are considered carbon-neutral, while none of the wood combustion
emissions are considered carbon-neutral, since the wood supply in Guatemala is considered non-
renewable based on the decreasing forest area. All GHGs associated with the production and
combustion of LPG, including CO- emissions from cooking, are considered fossil-derived and
accounted for in the GCCP impacts.
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Table A-44. Global Climate Change (100a) Potential Impacts (kg CO2 eq) for Cooking Fuel
Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing = Distribution Total
Unprocessed
Solid Firewood 0 0 0 11,728 11,728
Biomass
Charcoal Briquettes from Wood 0 10,217 186 9,280 19,682
Charcoal Briquettes from Bamboo 0 4,712 186 718 5,616
Processed Non-Carbonized Briquettes from 0 0 186 1,194 1,380
- Sawdust
{SO“d Non-Carbonized Briquettes from
Biomass . 0 0 1.44 347 349
Crop Residues
Wood Pellets 0 250 110 5,360 5,720
Wood Chips 0 425 2.51 5,669 5,714
Ethanol from Sugarcane 179 10.1 32.6 14.9 236
Liquid/Gas Et.hanol from Wood 0 76.8 315 14.9 123
Biogas from Dung 0 144 0 20.7 164
LPG 271 189 23.1 4,285 4,768
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Figure A-40. Global Climate Change (100a) Potential Impacts (kg CO:2 eq) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year
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A5.24  Black Carbon and Short-Lived Climate Pollutants

Table A-45 and Figure A-41 display the black carbon and short-lived climate pollutants impact
results for fuels in Guatemala by life cycle stage. Black carbon (BC) is formed by incomplete
combustion of fossil and bio-based fuels. BC is the carbon component of particulate matter (PM)
with aerodynamic diameter less than or equal to 2.5 microns (PM2.5). This is the size of PM that
most strongly absorbs light and thus has potential radiative forcing effects (i.e., potential to
contribute to global warming). Potential climate forcing impacts resulting from BC emissions
include direct, albedo (i.e., fraction of solar energy hitting the earth that is reflected), and other
effects. BC is emitted with other particles (e.g. organic carbon) and criteria pollutants such as
nitrogen and sulfur dioxides. Though some of these co-pollutants may exert a cooling effect on
climate, the net effects of BC emissions likely contribute to global climate warming. Appendix B
shows the 20 year global warming potential and black carbon equivalent values used in the
results calculation. Results are presented here based on BC equivalents. The highest BC impacts
are seen for charcoal briquettes followed by firewood, which tend to have high particulate matter
emissions when combusted. Similarly, high emissions of particulate matter are seen in the
Guatemalan charcoal surface kiln, which combusts wood to carbonize the fuel. Utilization of the
liquid and gas fuels result in the lowest overall BC impacts. Some life cycle stages have negative
BC equivalent impacts, which is the case when emissions of SOx and organic carbon (pollutants
with net cooling effects on the climate), are greater than the emissions of BC and other co-
emitted pollutants that lead to short term warming impacts.

Table A-45. Black Carbon and Short-Lived Climate Pollutant Impacts (kg BC eq) for
Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Use Total
Unprocessed
Solid Firewood 0 0 0 9.97 9.97
Biomass
Charcoal Briquettes from Wood 0 64.1 0.012 4.00 68.1
Charcoal Briquettes from Bamboo 0 64.1 0.012 4.00 68.1
Non-Carbonized Briquettes from
Prg(c;)e“sged Sawdust 0 0 0.012 7.48 7.49
Biomass Eloq-Carbonlzed Briquettes from Crop 0 0 9 7E-05 230 230
esidues
Wood Pellets 0 -0.0047 0.0074 0.33 0.33
Wood Chips 0 0.010 6.9E-04 4.83 4.84
Ethanol from Sugarcane 0.0011 -0.0044 -0.018 0.044 0.023
L Ethanol from Wood 0 0.026 0.0021 0.044 0.072
Liquid/Gas -
Biogas from Dung 0 0 0 0.11 0.11
LPG -0.093 -0.38 -0.0082 0.086 -0.40
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Figure A-41. Black Carbon and Short-Lived Climate Pollutant Impacts (kg BC eq) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year
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A5.25 Particulate Matter Formation Potential

Table A-46 and Figure A-42 show the particulate matter formation impact results for fuels in
Guatemala by life cycle stage. Particulate matter can contribute to many negative health impacts
such as effects on breathing and respiratory systems, damage to lung tissue, cancer, and
premature death. Primary and secondary pollutants leading to particulate matter formation as
well as PM2.5 are characterized here to kg PM10 eq. Charcoal briquette fuels lead to the greatest
particulate matter formation impacts. For charcoal briquettes, the carbonization of the wood in
the kiln dominates the overall particulate matter life cycle impacts. The next most impactful fuels
are firewood and non-carbonized briquettes from sawdust. Advanced liquid fuels as well as
biogas and wood pellets have comparably small particulate matter impacts.

Table A-46. Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking
Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock
Production Processing  Distribution Total
Unprocessed
Solid Firewood 0 0 0 34.0 34.0
Biomass
Charcoal Briquettes from Wood 0 293 0.32 10.9 305
Charcoal Briquettes from Bamboo 0 293 0.32 10.9 305
Processed Non-Carbonized Briquettes from 0 0 0.32 255 5.8
: Sawdust
-SO“d Non-Carbonized Briquettes from
Biomass . 0 0 0.0025 9.51 9.51
Crop Residues
Wood Pellets 0 0.68 0.19 1.61 2.49
Wood Chips 0 0.16 0.0044 16.5 16.6
Ethanol from Sugarcane 0.49 0.025 0.24 0.0067 0.76
Liquid/Gas Ethanol from Wood 0 0.95 0.054 0.0067 1.01
Biogas from Dung 0 0 0 1.21 1.21
LPG 0.090 0.32 0.13 0.93 1.47
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Figure A-42. Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

A-109




Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

A5.2.6  Fossil Fuel Depletion

Table A-47 and Figure A-43 provide the fossil fuel depletion impact results for fuels in
Guatemala by life cycle stage. Fossil depletion captures the consumption of fossil fuels,
primarily coal, natural gas, and crude oil. All fuels are normalized to kg oil eq based on the
heating value of the fossil fuel relative to the heating value of a kg of oil. The fossil depletion
associated with firewood as well as biogas and ethanol from wood is negligible, as these fuels
are not derived from fossil fuel, and collection of these fuels is done manually. While biomass
fuels are not derived from fossil fuels, some fossil fuels may be consumed across the life cycle of
these fuels for energy inputs to fuel production and processing, distribution, and disposal. Fossil
depletion for wood pellets is associated with electricity usage for pelletization and some
transport, while sugarcane ethanol fossil depletion is primarily from fertilizers during cane
production, as well as diesel for farm operation and distribution of the feedstock and fuel. Some
fossil depletion impacts are also seen for processing the wood chips (as discussed in detail in
Appendix B, 100% of wood chipping is modeled as mechanized in Guatemala). Fossil depletion
impacts are highest for LPG as this source of energy relies on fossil fuels.

Table A-47. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock
Production | Processing Distribution Use Total

Unprocesse
dsolid |Firewood 0 0 0 0.079 0.079
biomass
Charcoal briquettes from wood 0 0 0.060 0.096 0.16
bC;rzrgggl briquettes from 0 0 0.060 0.24 0.30
Proce_ssed Non-carbonized briquettes from 0 0 0.060 0.055 0.12
solid sawdust
blomass 'C\'rggf:;ﬁm'?d briquettes from 0 0 47E-04 | 00090 | 0.0094
Wood pellets 0 59.7 0.036 0.0028 59.8
Wood chips 0 12.7 8.1E-04 0.038 12.7
Ethanol from sugarcane 29.6 1.22 10.8 0 41.6
Liquid/gas Et_hanol from wood 0 16.7 0.010 0 16.7
Biogas from dung 0 0 0 0 0
LPG 16.7 697 12.6 940 1,667
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Figure A-43. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

A-111




Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

A5.2.7 Water Depletion

Table A-48 and Figure A-44 illustrate the water depletion impact results for fuels in Guatemala
by life cycle stage. Water depletion results are based on the volume of fresh water inputs over the
life cycle of the assessed fuels. Water may be incorporated in the fuel product, evaporated, or
returned to the same or different water body or to land. If the water is returned to the same water
body, it is assumed the water is returned at a degraded quality, and therefore is considered
consumptive use. Water consumption includes evaporative losses from establishment of
hydroelectric dams but does not include the water passing through the turbine, since that water is
not removed from its source. The hydropower in the electricity mix (approximately 47% of
overall grid mix) drives the overall water depletion impacts.?** Water depletion associated with
wood pellets is also due to electricity usage during pelletization. Water depletion impacts are
also notable for sugarcane ethanol, as irrigation is required for the cane production. Some water
depletion impacts are also seen for the biogas to maintain the digester, but these are negligible
when compared to the evaporative losses from hydropower in the electricity grid. Water
depletion impacts are negligible for the traditional biomass fuels (i.e. firewood), which are not
irrigated. Because the water content of these fuels comes from the atmosphere as rainfall, the
water released back to the atmosphere when the biomass is dried or combusted is not considered
consumptive use.

Table A-48. Water Depletion Impacts (m® H20) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing  Distribution Total
Unprocessed
Solid Firewood 0 0 0 0.60 0.60
Biomass
Charcoal Briquettes from Wood 0 0 5.6E-04 0.73 0.74
Charcoal Briquettes from Bamboo 0 0 5.6E-04 0.73 0.74
Non-Carbonized Briquettes from
Prgcei_s(jed Sawdust a 0 0 5.8E-04 0.42 0.42
oli - -
Biomass Non-Carpomzed Briquettes from 0 0 4.5E-06 0.069 0.069
Crop Residues
Wood Pellets 0 1,961 3.4E-04 0.014 1,961
Wood Chips 0 13.1 7.8E-06 0.29 134
Ethanol from Sugarcane 243 5.87 6.37 0 255
L Ethanol from Wood 0 4.35 9.7E-05 0 4.35
Liquid/Gas —
Biogas from Dung 0 16.3 0 0 16.3
LPG 7.72 56.2 75.1 0 139
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Figure A-44. Water Depletion Impacts (m?® H20) for Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year
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A5.2.8 Terrestrial Acidification Potential

Table A-49 and Figure A-45 show the terrestrial acidification potential impact results for fuels in
Guatemala by life cycle stage. Terrestrial acidification quantifies the acidifying effect of
substances on their environment. Important contributing emissions include SO2, NOy, and NHs.
Electricity usage for pelletization drive biomass pellet acidification impacts. Sulfur dioxide
emissions from coal in the electricity grid (13% of electricity grid mix in Guatemala)?* are
notably higher than sulfur dioxide emissions from combustion of other fuels. Ethanol contains no
sulfur, so there are no sulfur dioxide emissions, a main cause of acidification, for the ethanol
cookstove use stage. No NOx emissions data for ethanol combustion in a cookstove were
available, although qualitative reports stated that ethanol combustion leads to minimal nitrogen
oxide emissions. Firewood has slightly higher acidification impacts than the liquid fuels. The
main contributing emissions leading to acidification potential for the firewood in Guatemala are
SOx and NOx. For instance, NOx leads to73% and SOx leads to 27% of the firewood acidification
impacts, respectively. Distribution acidification impacts in Guatemala are highest for
transportation of the carbonized and non-carbonized briquettes since a greater mass of input fuel
for the solid biomass is required to be transported a longer distance given the proximity of end
users to forests in Guatemala. Distribution impacts are also notable for sugarcane ethanol, as the
sugarcane ethanol is assumed to be transported from Brazil, the world’s largest sugarcane
ethanol producer (Appendix B provides detailed discussions of the model’s transportation
parameters). The lowest overall acidification impacts are seen for biogas. Because land applied
digested sludge from biogas production is used by another product system, it is considered to be
outside the system boundaries for this analysis; however, it is possible that this land applied
digested sludge could lead to emissions of ammonia, an acidifying substance.

Table A-49. Terrestrial Acidification Potential Impacts (kg SO:2 eq) for Cooking Fuel
Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock

Production Processing  Distribution Use Total
Unprocessed
Solid Firewood 0 0 0 8.06 8.06
Biomass
Charcoal Briquettes from Wood 0 0.025 0.77 3.13 3.93
Charcoal Briquettes from Bamboo 0 0.025 0.77 3.20 4.00
Processed gon-Carbonized Briquettes from 0 0 077 6.02 6.80
Solig  poowdust
Biomass Non-Carpomzed Briquettes from 0 0 0.0059 191 192
Crop Residues
Wood Pellets 0 1.63 0.46 0.53 2.61
Wood Chips 0 0.32 0.010 3.87 4.20
Ethanol from Sugarcane 2.49 0.10 0.76 0 3.35
Liquid/Gas Ethanol from Wood 0 1.14 0.13 0 1.27
Biogas from Dung 0 0 0 1.66 1.66
LPG 0.27 1.14 0.41 1.81 3.63
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Figure A-45. Terrestrial Acidification Potential Impacts (kg SO2 eq) for Cooking Fuel Types (Guatemala)

To produce, distribute and use cooking fuels by a single household per year
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A5.29 Freshwater Eutrophication Potential

Table A-50 and Figure A-46 provide the freshwater eutrophication potential impact results for
fuels in Guatemala by life cycle stage. Eutrophication assesses the impacts from excessive load
of macro-nutrients to the environment and eventual deposition in freshwater, which can result in
algal blooms, oxygen depletion, and fish kills. Pollutants contributing to this category are all P
based (e.g. phosphate, phosphoric acid, phosphorus). Firewood and charcoal briquettes result in
the highest eutrophication potential impacts. This is due to the much larger ash quantity
produced from Firewood and charcoal briquettes compared to all other fuels. The ash from these
wood fuels, which contains phosphorus is assumed to be land applied, which leads to soil
emissions and eventual runoff into freshwater. While impacts are comparably smaller for
ethanol, there are some minimal eutrophication impacts occurring from use of phosphorus based
fertilizer in sugarcane production. There are no eutrophication impacts associated with biogas.
Application of the digested sludge from the biogas system would likely lead to some
eutrophication impacts, but utilization of this useful co-product is outside the system boundaries
of this study. The digested sludge impacts are allocated to the product system it serves (i.e.
nutrients for crop production). Impacts from fossil based fuels and wood pellets are minimal
compared to the charcoal briquettes and firewood. The non-carbonized processed biomass fuels
have slightly lower eutrophication potential impacts than charcoal briquettes and firewood.
Because processed biomass burns more efficiently than unprocessed biomass, less fuel must be
burned, leading to an overall lower quantity of ash produced.

Table A-50. Freshwater Eutrophication Potential Impacts (kg P eq) for Cooking Fuel
Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 1.95 1.95
Biomass
Charcoal Briquettes from Wood 0 6.4E-07 2.36 2.36
Charcoal Briquettes from Bamboo 0 0 6.4E-07 2.36 2.36
Non-Carbonized Briquettes from
prg(c;)e“sged Sawdust 0 0 6.6E-07 1.36 1.36
Biomass | Non-Carbonized Briquettes from 0 0 5 1E-09 022 022
Crop Residues
Wood Pellets 0 0.020 3.9E-07 0.044 0.064
Wood Chips 0 0.0019 9.0E-09 0.94 0.94
Ethanol from Sugarcane 0.12 7.8E-04 8.9E-04 1.7E-05 0.13
L Ethanol from Wood 0 3.4E-05 1.1E-07 1.7E-05 5.1E-05
Liquid/Gas -
Biogas from Dung 0 0 0 0 0
LPG 0.012 0.010 0.0013 0 0.024
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A.5.2.10 Photochemical Oxidant Formation Potential

Table A-51 and Figure A-47 present the photochemical oxidant formation potential impact
results for fuels in Guatemala by life cycle stage. The photochemical oxidant formation (i.e.
smog formation) results are an indicator of the potential for formation of reactive substances that
cause harm to human health and vegetation. Results are characterized here to kg of non-methane
volatile organic compounds (NMVOC) eq. Some key emissions for cookstove fuel systems that
contribute to photochemical oxidant formation include carbon monoxide, methane, nitrogen
oxides, NMVOCs, and sulfur dioxide. Firewood, followed by charcoal briquettes and non-
carbonized briquettes from sawdust, leads to the greatest photochemical formation impacts. For
charcoal briquettes, impacts are split between the fuel processing stage (carbonization in a kiln)
and the use stage. Photochemical oxidant formation impacts are relatively small for the liquid
fuels and biogas.

Table A-51. Photochemical Oxidant Formation Potential Impacts (kg NMVOC eq) for
Cooking Fuel Types (Guatemala)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 362 362
Biomass
Charcoal Briquettes from Wood 0 207 1.32 78.6 287
Charcoal Briquettes from Bamboo 0 207 1.32 78.6 287
Processed Non-Carbonized Briquettes from 0 0 133 271 273
; Sawdust
$0|Id Non-Carbonized Briquettes from
Biomass . 0 0 0.010 16.3 16.3
Crop Residues
Wood Pellets 0 1.83 2.1E-05 1.60 3.43
Wood Chips 0 0.55 0.018 175 176
Ethanol from Sugarcane 11.9 0.027 0.58 0.97 135
Liquid/Gas Ethanol from Wood 0 1.97 0.22 0.97 3.16
Biogas from Dung 0 0.058 0 1.72 1.78
LPG 0.30 0.78 0.33 7.87 9.27
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A5.3 Economic Indicators for Guatemala

A53.1 Fuel Use

Figure A-48 shows the shares of the population in Guatemala using various types of fuel as their
primary cooking fuel. Just over 60 percent of the population relies on biomass (primarily
firewood), while about 37 percent use LPG. LPG is more commonly consumed in urban areas,
with 75 percent of urban households and only 25 percent of rural households using LPG.?*°
Other fuels, such as charcoal and electricity make up only a combined 1.8 percent of the fuels
used.246:247:248 Ethanol, non-carbonized wood briquettes, non-carbonized crop residue briquettes,
wood chips, wood pellets, and biogas are not typically used for cooking in Guatemala (the latter
because the average family doesn’t have enough livestock).?*

A pipeline that will bring natural gas from Mexico to Guatemala is scheduled to be completed in
2016.2°02%1 |f the infrastructure for households to use this fuel for cooking is subsequently put in
place, this could change the fuel landscape in the future.

0.60%

0.40%  0.80%

W Propane
®m Biomass
m Charcoal
M Electricity

MW All other fuels

Source: GACC, 2014c

Figure A-48. Current Cooking Fuel Mix in Guatemala

A.5.3.2 Fuel Imports, Exports, Production, and Demand in Guatemala

Table A-52 shows the levels of imports, exports, production, and demand (assumed to be equal
to current consumption) of several fuels in Guatemala. The data on total and household demand
do not differentiate between fuel use for cooking and fuel use for other purposes such as heating.
Most of Guatemala’s LPG is imported. Net imports of LPG are 247,000 tonnes (351,000 tonnes
of imports minus 104,000 tonnes of exports). Although specific data on production are not
available, this suggests that Guatemala produces only about 13,000 tonnes (260,000 tonnes of
demand minus 247,000 tonnes of net imports). About 77 percent of LPG demand is by
households,?%? reflecting the fact that LPG (along with firewood) is one of the two dominant
household cooking fuels in Guatemala.?%3 2%4
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Guatemala produces about 200,000 tonnes of ethanol (primarily from molasses), most of which
is exported to Europe, Central America, and Mexico, and the rest is used within Guatemala for
industrial and food purposes.?®®

Guatemala produces over 19.1 million tonnes of firewood.?® Sixteen million tonnes of this is
consumed,®7” and a very small amount is exported.?*® From 2005 to 2010, Guatemala’s forest
area decreased at a rate of over one percent per year.?*® If this decline is not slowed or stopped,
consumers will need to find alternative fuels to wood.

Other fuels are produced and consumed on much lower scales. Guatemala produces about 65,000
tonnes of wood charcoal per year. All of this is consumed domestically, and about 75 percent of
that demand is by households.?®® Guatemala exports 6,882 tonnes of wood pellets per year,? but
no data on imports, production, or demand are available.

Table A-52. Fuel Imports, Exports, Production, and Demand in Guatemala
(Tonnes per Year)

Demand
Fuel Imports | Exports | Production Total Household Sources

LPG 351,000 104,000 No data 260,000 200,000 UNSD, 2011
UNSD, 2013
Ethanol 55 1,158 212,334 No data No data Pottier, 2013
UNSD, 2013

Firewood No data 0.02| 19,132,690 | 16,000,000 No data FAO, 2014

ESF, 2013
Charcoal Briquettes | No data No data 65,000 65,000 49,000 UNSD, 2011
Wood Pellets No data 7 No data No data No data UNSD, 2013

A.5.3.3 Fuel Cost in Guatemala

Figure A-49 shows the price per household per year for the cooking fuels in Guatemala for
which cost data are available. Purchased firewood has the highest average cost overall, at $392
per household per year.262263.264 Estimates of the share of firewood that is purchased range from
35 percent?® to 60 percent?®®, with the remainder being collected essentially free of cost. Many
forested areas in Guatemala are protected, and firewood gathering is restricted,?”although this
does not necessarily prevent firewood gathering. It is estimated that the amount of firewood
collected illegally is 400 times the amount collected with a wood license.?®® As in other
countries, deforestation is an issue and could continue to drive up the price of firewood. 2°

The second most expensive fuel in Guatemala is LPG, at $257 per household per year. While
LPG is less expensive on an annual basis than firewood, it cannot always be purchased in small
or partially-filled cylinders, which means that it can be difficult for low-income households to
afford. The recent introduction of 12-pound cylinders may partially alleviate this problem.?”

The least expensive fuel is biogas produced from animal dung, where the digester has an
annualized cost of $105 per household per year?™ (although, as noted in Section A 5.3.1, most
families do not have enough livestock to make this option feasible).?"2
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Figure A-49. Fuel Cost Indicator for Cooking Fuels in Guatemala

A5.4 Social Indicators for Guatemala

A5.4.1 Government Policies/Programs

Although limited information is available from Guatemala’s government regarding their
promotion of or resistance to specific cookfuels, improved cookstove adoption is promoted
through the Ministry of Health and two health-based organizations (Centro de Estudios Para el
Desarrollo y la Cooperacion (CEDEC) and Asociacion Mujeres Ixchel), indicating government
support for clean cooking methods. While not directed at household-level energy consumption,
carbon financing (through Clean Development Mechanism credits) has been used to develop at
least two biogas generation projects.?”®

Indirect (and especially wood-based) cookfuel insights are available through the numerous
government initiatives that have sought to increase the adoption of improved cookstoves and
promote the stewardship of Guatemala’s forests.

e National Energy Policy (2013-2027). Outlines a plan to install 100,000 clean biomass
stoves. Also provides for training in efficient wood use, the reduction of industrial
firewood consumption (it is unclear whether this would potentially mean more wood is
available for wood-based fuel manufacturers, or if pellet and briquette producers are
considered “industry”), and the promotion of energy alternatives.

¢ National Strategy for the Sustainable Production and Consumption of Woodfuels (2013-
2024; proposed 2012 — status unknown). Outlines a plan to distribute 100,000 improved
cookstoves. Also calls for the establishment and management of at least 48,000 hectares
of plantations and agroforestry systems.
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e Fondo Nacional para la Paz (FONAPAZ); Fondo para el Desarrollo Indigena de
Guatemala (FODIGUA); Programa Nacional de Desarrollo Rural (ProRural); Desarrollo
Integral de Comunidades Rurales (DICOR); Secretaria Presidencial de la Mujer
(SEPREM) (2001-2013). Various government programs that distributed around 20,000
firewood stoves. The initiatives also focused on rural development, poverty alleviation,
and in the case of SEPREM, women’s health. These programs were not systematized and
lack complete documentation.

e Readiness Preparation Proposal (2013). Plan outlining steps Guatemala will take between
2013-2017 to prepare for a REDD+ regime (the UN-led program for Reducing Emissions
from Deforestation and Forest Degradation). Various pilot programs aimed at
environmental stewardship have already been implemented in forest reserves and
National Parks. The National Strategy for Reducing Deforestation is being developed to
design and implement REDD+ activities.

e National Policy on Woodfuels (proposed 2011). Promotes the efficient use of firewood at
the domestic- and SME-level through the use of energy-efficient technology. Also calls
for sustainable firewood cultivation through forestry programs.

e Fondo de Inversion Social (1996-2008). Distributed approximately 160,000 plancha
(improved wood-burning) stoves.

e The 2020 Central American Sustainable Energy Strategy (2007). Effort across Central
America to promote improved cookstoves in 1,000,000 households and reduce woodfuel
consumption by 10 percent.

e Tezulutlan project (1998-2001). Distributed more than 4,000 improved cookstoves in
Baja Verapaz through various health and nutrition programs.?’#

These initiatives highlight both the government of Guatemala’s commitment to promoting clean
cooking methods and the extent to which clean cooking policies can complement ongoing
sustainability efforts.

A54.2  Supply & Access Challenges

The most widely-used and available cookfuel in Guatemala is firewood. Although anywhere
from 35 percent?’® to 60 percent?’® of people who use firewood purchase it, the industry does not
enjoy commercial stability through robust supply chains; rather, the fuel is gathered, and at times
procured illegally, from municipal forests in an organized fashion and then sold to end-users.?”’
Such informal modes of supply and distribution are growing less and less sustainable in the face
of deforestation—forest land is decreasing at a rate of approximately 1.5 percent per year over
recent years?’®—and efforts to protect municipal forests are disrupting these ad hoc supply
chains even more.?”® Unsustainable biomass management is likely to have an even greater impact
on the 45 percent of rural (and 10 percent of urban) Guatemalans who rely on the firewood they
collect themselves.?8° Underscoring the immediacy of the potential impacts, one study that found
there is already an annual firewood deficit of more than 5 million tons of dry wood equivalent.?8

Alternatives to firewood are not reliably available. Charcoal briquetting infrastructure is not in
place (some wood is charred, though not as briguettes), bamboo supplies (when used for
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cooking) are burned raw, and the production of noncarbonized briquettes from crop residues is
hampered by feedstock limitations resulting from farmers burning the leaves of their crops
before harvest to facilitate the use of combines. Biogas from animal dung and ethanol both face
reliability challenges, as well. There have been few initiatives to promote biogas use at the
household level since most people do not have enough livestock to run the digester in an efficient
manner. Although ethanol is produced domestically (primarily from molasses), the vast majority
of it is exported to Europe, Central America, and Mexico. The remainder is used within
Guatemala for industrial and food purposes.?®? LPG use is established in urban and peri-urban
communities, however, due to cost and transportation challenges, the fuel is not reliably
available in rural settings.?®® In fact, one study found that due to delays in delivery, households
normally keep two LPG cylinders on hand to ensure uninterrupted use,?3* underscoring the cost
and logistical challenges to obtaining the fuel in non-urban areas.

A.5.4.3 Distribution & Adoption Challenges

The two leading challenges to the adoption of target fuels in Guatemala relate to cost. In rural
areas, where households have limited access to cash, fuel is either collected or purchased in
small—at times per-meal—quantities.?®® Both of these trends lead to a reliance on firewood, as it
tends to be the most convenient biomass to collect manually and can be purchased in any
quantity.?® In urban areas, where incomes are higher and fuel stacking (the use of multiple fuels)
dominates, households tend to use a combination of liquid and gaseous fuels.?®” This income
divide is corroborated by a study which found that LPG selection increased with household
expenditure and the highest levels of education attained by household members.2%8

A54.4  Protection & Safety

For purchased fuels considered in this analysis (e.g., LPG or ethanol), no safety issues during the
purchase of the fuels were found within the literature. Collection of crop residues usually occurs
somewhat close to the household, and no safety issues were found in the literature. Anywhere
from 40 percent?® to 65 percent?® of firewood in Guatemala is collected, and, although no data
were found indicating the presence of safety risks when it is gathered manually, certain hazards
such as encounters with venomous snakes or accidents occurring when carrying heavy loads
cannot be ruled out. Despite the lack of data regarding perceived safety risks among the target
fuels, anecdotal information suggests safety concerns are not a primary driver of new fuel
adoption in Guatemala. In fact, safety ranks as only the fourth-highest priority among potential
users of new fuels, behind such things as convenience and comfort.?%

A545 Time & Drudgery

In Guatemala, men and women share the firewood collection burden with men spending around
two hours per day and women spending around one and a half hours per day collecting.?®? This
pattern may change, however, as more communities—in response to biomass shortages—switch
to using dedicated wood gatherers (who sell their goods at depots) to meet their firewood
needs.?%® Although men are primarily responsible for fuel collection, women handle more than
90 percent of the cooking, spending on average between three and four hours per day cooking
over wood stoves, 29429529

Although collection- and cooking-time savings data were not available for alternative fuels in
Guatemala, observations from other phase one countries indicate that substantial time savings
opportunities are available. For example, the acquisition of commercial fuels such as LPG and
wood-based charcoal briquettes tends to take less time than the manual collection of firewood,
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and cooking over efficient modern fuels tends to reduce time spent in the kitchen relative to
cooking over wood fires. Quantified projections—which must take into account variables such as
the proximity of fuel retail locations and the heating demands of cooking traditional foods—were
not possible based on the consulted literature.

A54.6 Income Earning Opportunities

Given the newness of the feedstock-fuel combinations in the present study, limited information
regarding the income earning opportunities associated with specific cookfuels is available. Some
general observations can be made, however, for LPG and ethanol. Due to financial constraints,
users of traditional fuels in Guatemala are often forced to buy fuel in weekly, daily, and
sometimes even per-meal increments. Purchasing traditional fuels such as wood in such small
quantities is cost-ineffective (consumers lose out on bulk pricing and must absorb the
opportunity cost of repeated small purchases) but is often the only option.

As LPG and ethanol are increasingly produced in smaller cylinders and bottles, six-to-seven
pounds and one liter, respectively, more consumers—especially those in rural areas—can afford
to switch from wood to these fuels, increasing business for sellers of LPG and ethanol.?®” One
factor potentially mitigating this trend, however, is the likely increase of distribution costs
incurred by retailers extending their LPG and ethanol infrastructure (refill, maintenance, and
replacement service coverage area) to meet the demand of rural users. In other words, if the
increase in market share generated by access to rural markets does not offset the increase in costs
associated with servicing them, liquid and gaseous fuel enterprises might need to increase the
cost they charge to end-users or scale back the geographic scope of their operations altogether —
either of which would attenuate the income earning opportunities associated with smaller-sized
canisters and cylinders.

Another income earning opportunity in Guatemala is in the wood-based charcoal briquette
industry. As transportation often represents a sizeable share of the final fuel cost passed on to
consumers, the ability to produce briquettes out of sawdust from local lumberyards would
provide a;ggopportunity for manufacturers to cut costs and substantially improve their profit
margins.

Although it has yet to be implemented at the household level, a partnership between Alterna and
WISIONS produced a biogas system that runs on manure and foodscraps. Successful promotion
of the biogas system has relied on both the subsidization of upfront costs and raising awareness
about the aggregate time and energy savings possible with nontraditional fuels. That is, Alterna
and WISIONS helped users understand that even though the daily operation and maintenance of
biogas systems might initially exceed the level of effort they are used to expending on fuel
collection, they will achieve substantial savings over time (usually around $440 in fuel costs per
year for small-scale ventures).?®

A.5.4.7 Potential Increase of Skills for Women

According to the Global Alliance for Clean Cookstoves 2013 Results Report, the clean
cookstove industry in Guatemala currently has 176 employees (18 percent of whom are women)
and 39 microentrepreneurs (49 percent of whom are women).3% Men in Guatemala may handle
the physical side of fuel production and distribution, but there are opportunities for women in
sales and the less laborious aspects of fuel production.®®* Cultural and economic barriers
inhibiting women’s entrance into the cookfuel market are potentially less pronounced in
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Guatemala than in other Phase One countries,*? though they are still assumed to be present. The
only sector for which fuel-specific insights are available is LPG. Although the LPG market in
Guatemala is unstable, the turbulence presents an opportunity for women who are involved in the
industry to increase public awareness of negative market practices and advocate for better
regulations. For example, GenteGas plans to use a woman-to-woman salesforce to promote LPG
use and raise awareness about health, safety, and financial literacy.%
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Africa

A.6  Detailed Results for Nigeria
A.6.1 Overview of Nigeria

Nigeria is Western Africa’s most populous country and ranks as the seventh most populous
country in the world, with 181.8 million residents in 2015,3% the environmental, economic, and
social implications of cooking fuel use have large-scale effects. The choice of cooking fuel
affects not only the persons in the household using the fuel (who are exposed to emissions
associated with combustion of the fuel), but the issues of adequate supply, accessibility, and cost
must also be taken into account, as well as wider environmental consequences associated with
the life cycle of the fuel (including resource consumption, emissions, and wastes associated with
fuel feedstock acquisition, processing, distribution, and combustion).

Over 70 percent of the population use biomass fuel (primarily firewood) for cooking,305:306.307.308
The North Central region has the highest dependency on firewood.*®® The remaining households
primarily use kerosene, although small percentages of the population use LPG, coal, charcoal,
electricity, dung, and other fuels.®'° Fuels such as ethanol, carbonized and non-carbonized wood
briquettes, and biogas may be used on a very limited basis.3!* The majority of kerosene
dependent households are located in the southern regions. 32

As in other countries, fuel use patterns vary with the user’s income level and whether they live in
an urban or rural setting. The portion of Nigeria’s population living in rural and urban areas is
about equal at 50 percent.*'® LPG is most commonly used by high-income urban residents, wood
by low-income rural residents, and a mix of wood, charcoal, and kerosene by middle-income
residents in both urban and rural areas.®'* While individual user preferences vary, a survey of
Nigerians found that a majority of respondents considered kerosene the most desirable fuel,
primarily due to its ease of use.3!

Adequate supply of fuel resources is an important consideration, as there may not be adequate
feedstocks to sustainably support current or increasing levels of use of certain fuels. For
example, demand for firewood must be balanced against the trends in forest area and biomass
regeneration per hectare. Nigeria has shown an overall trend of over 3 percent decrease in forest
land per year over recent years.3!® Deforestation is more acute in the north, which is part of the
Sahara desert.®'” Logging, subsistence agriculture, where a farmer grows or raises just enough
food to feed their family, and the collection of firewood are leading causes of forest clearing in
Nigeria.®'® Some regions are experiencing desertification where dry lands become increasingly
arid. Nigeria is losing about 1,355 square miles of cropland and rangeland due to desertification
each year.3!® This problem affects each of the 11 states of northern Nigeria.>%

Fuel cost is another key issue. The Word Bank reports that in 2010, 62 percent of Nigeria’s
population is below the international poverty line of $1.25 per capita per day.3?! Fuel choice is
also affected by the perception of safety associated with acquisition and use of the fuel, as well
as safety perceptions about the type of stove used with each fuel.
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Finally, cultural issues around food and cooking fires are an important consideration. The flavor
imparted to certain foods by specific cooking fuels can be very important to consumers, leading
to resistance to changing fuel types. Households across Nigeria generally eat similar foods and
have the same cooking habits; however, urban households are moving away from traditional
cooking for speed and convenience. 322 Rural households use outdoor stoves when using
firewood to avoid the smoke and to reduce fire hazards. 3 Typical foods prepared include yams
and cassava which require significant boiling and preparation time. Cooking fires may serve
multiple additional purposes in the home, such as providing heat or light, preserving food (by
drying above or near the fire), and drying clothing. Changes to the cooking fuel or type of
cookstove would likely require the household to use other fuels for these functions. Urban
households usually cook in enclosed passageways and reduce cooking time by replacing yams
and cassava with rice. 324

The following sub-sections address the environmental, economic, and social considerations
related to cooking fuels and stoves for Nigeria in greater detail.

A.6.2 Environmental Indicators for Nigeria

This section covers the detailed Nigeria LCA results for the ten environmental indicators
assessed for each fuel. The stove thermal efficiency by fuel and the fuel heating values employed
in this study to calculate the LCA results are provided in Table A-53 and Table A-54,
respectively. The remainder of this section presents results for each environmental indicator.

Table A-53. Stove Thermal Efficiency Applied by Fuel for Nigeria

Fuel Type Stove Thermal Efficiency Sources
Firewood 14.0% Afrane & Ntiamoah, 2012
Charcoal Briquettes from Wood 18.0% Afrane & Ntiamoah, 2011
Charcoal Briquettes from Bamboo 18.0% Afrane & Ntiamoah, 2011
Non-Carbonized Briquettes from Sawdust 20.3% GACC, 2015a
Urban Uganda, 2015
Non-Carbonized Briquettes from Crop Residues 31.0% GACC, 2015a
Wood Pellets 53.0% Jetter et al., 2012
Wood Chips 31.0% GACC, 2015a
Ethanol from Sugarcane 53.0% Aprovecho Research Center,
2009
Ethanol from Wood 53.0% Aprovecho Research Center,
2009
Biogas from Dung 55.0% Afrane & Ntiamoah, 2011
LPG 57.0% Afrane & Ntiamoah, 2011

Table A-54. Fuel Heating Values for Nigeria

Fuel Type HHV (MJ/kg) Sources
Firewood 14.0 Afrane & Ntiamoah, 2012
Charcoal Briquettes from Wood 25.72 Afrane & Ntiamoah, 2011
Charcoal Briquettes from Bamboo 25.72 Afrane & Ntiamoah, 2011
Non-Carbonized Briquettes from Sawdust 17.6 Davies et al., 2013
Non-Carbonized Briquettes from Crop Residues 17.6 Simonyan & Fasina, 2013
FAO, 2015
Wood Pellets 17.94 Singh et al., 2014
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Table A-54. Fuel Heating Values for Nigeria

Fuel Type HHV (MJ/kg) Sources
Jetter et al., 2012
Wood Chips 14.0 Afrane & Ntiamoah, 2012
Ethanol from Sugarcane 28.3 Aprovecho Research Center,
2009
Ethanol from Wood 28.3 Aprovecho Research Center,
2009
Biogas from Dung 17.71 Afrane & Ntiamoah, 2011
LPG 45.84 Afrane & Ntiamoah, 2011

A.6.2.1. Total Energy Demand

Table A-55 and Figure A-50 display the total energy demand impact results for fuels in Nigeria
by life cycle stage. Total energy demand sources consist of non-renewable fuels (natural gas,
petroleum, coal, and nuclear) and "renewable" fuels (e.g. biomass, hydro). Energy demand tracks
all energy inputs across the life cycle of the fuel, with energy impacts shown at the point of use
of the relevant fuel.

The total energy demand results are largely a function of the fuel heating value and thermal
efficiency of the fuel and stove combination (Table A-53 and Table A-54). Stoves with higher
efficiencies (e.g., LPG, biogas, ethanol, and biomass pellets) have a lower total energy demand
overall, because more of the heating value of the fuel is converted into useful cooking energy
and therefore less fuel must be produced, transported, and burned to deliver the same amount of
cooking energy.

A number of observations can be made regarding energy results for the various types of fuels.
For sugarcane ethanol, the feedstock energy results include not only the energy value of the
sugar that is converted to ethanol but also the energy content of the bagasse, which provides the
majority of energy used to process the sugarcane to ethanol. A co-benefit of ethanol production
is the production of electricity, which may be exported. As discussed in the Appendix B
methodology, this model employs the cut-off allocation methodology; therefore, a credit is not
given here to the sugarcane or wood ethanol for exported electricity, so the energy demand
impacts for ethanol should be considered as the upper bounds for these fuel types.

For wood fuels, the wood pellets and wood chips have a lower total energy demand than
traditional firewood. Wood chips and wood pellets typically have a lower moisture content,
greater energy content, and greater surface area than the traditional solid biomass, which allows
the fuel to combust more efficiently. It is also more common to see improved cookstoves, which
have higher stove thermal efficiencies, used in combination with the wood chips and wood
pellets in Nigeria.

For briquettes, the energy demand impact for the carbonized briquettes from wood and bamboo
is relatively higher compared to other fuels due to the lower stove efficiencies for metal charcoal
briquette stoves in Nigeria and the charcoal kiln energy impacts. That is, additional energy is
consumed when burning firewood at the kiln to produce charcoal prior to charcoal briquette
utilization in a cookstove. Similarly, in processing the commercially made non-carbonized
sawdust briquettes (3% of sawdust briquettes are assumed to be produced commercially in
Nigeria), sawdust is combusted to remove the moisture content of the briquettes, which
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contributes to the relatively higher total energy demand of the sawdust briquettes compared to
other non-carbonized processed biomass fuels. The remaining 97% of sawdust briquettes are
modeled as pressed manually and dried naturally to 10% moisture content. This requires 1.5 kg
wood input to each 1 kg briquette, assuming a 40% moisture content of the original
greenwood.!”®

Overall, liquid and gas fuels as well as processed solid biomass fuels not requiring additional
combustion of solid fuel for processing (e.g., wood pellets) lead to the lowest overall total energy
demand impacts.

Table A-55. Total Energy Demand (MJ) for Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock

Production Processing  Distribution Use Total

;’l‘i‘;rgf:rf:sds Firewood 0 0 0 114,855 114,855
Charcoal briquettes from wood 0 232,903 0.11 89,364 322,267
Charcoal briquettes from bamboo 0 224,714 0.11 89,364 314,079
Non-carbonized briquettes from 0 43.344 011 79.239 122,583

Processed sawdust
solid biomass CNrggf:Srﬁj%r;'SZEd briuettes from 0 116 0.0013 58,029 58,145
Wood pellets 0 12,809 1.49 30,350 43,160
Wood chips 0 454 0.043 51,889 52,343
Ethanol from sugarcane 527 12,601 435 30,350 43,912
Liquid/gas E'Fhanol from wood 0 3,730 0.43 30,350 34,080
Biogas from dung 0 0 0 28,483 28,483
LPG 16,106 66,514 237 28,220 111,077
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Figure A-50. Total Energy Demand (MJ) for Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year
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A.6.2.2 Net Energy Demand

Table A-56 and Figure A-51 illustrate the net energy demand impact results for fuels in Nigeria
by life cycle stage. Net energy demand is calculated in the same way as total energy demand,
with the final energy delivered to the cooking pot deducted from the results. The net energy
indicator is, therefore, the additional energy required for the life cycle of the cookstove fuel
beyond what is delivered to the consumer for cooking purposes. For Nigeria, 44.1 MJ of cooking
energy are consumed per household per day, which equates to 16,086 MJ per household per
year.32® Utilization of unprocessed firewood consumes seven times more energy than is provided
to the pot, as listed in the last column of Table A-56. Similar levels of net energy demand are
seen for non-carbonized briquettes from sawdust, and LPG. The lowest overall net energy
demand is calculated for non-carbonized briquettes from crop residues, wood pellets, wood
chips, ethanol, and biogas from dung. Production, processing, distribution, and use of these less
energy intensive fuels uses 0.77 to 2.61 times the amount of energy delivered to the pot.
Charcoal briquettes result in the highest net energy demand due to the lower yield at the kilns in
African countries as compared to countries investigated in other world regions. For Nigeria, 4.9
kg of wood are required for 1 kg charcoal output at the earth mound kiln.3?® Energy impacts are
also higher for petroleum refining in Africa as compared to other world regions modeled,
resulting in the notable net energy demand burdens of LPG.3?’

Table A-56. Net Energy Demand (MJ) for Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage Net Energy
Consumed:
Feedstock Delivered
Production | Processing  Distribution Use Total Energy
Unprocessed | .

solid biomass Firewood 0 0 0 98,770 | 98,770 6.14
Charcoal briquettes from 0 232.903 011 73279 | 306,181

wood 19.0
Charcoal briquettes from 0 224,714 0.11 73,279 | 297,993

bamboo 18.5
P_roce_gssed Non-carbonized briquettes 0 43,344 011 63154 | 106,498

solid biomass | from sawdust 6.62
Non-carbonlz_ed briquettes 0 116 0.0013 41,943 | 42,059

from crop residues 2.61

Wood pellets 0 12,809 1.49 14,265 | 27,075 1.68

Wood chips 0 454 0.043 35,803 | 36,257 2.25

Ethanol from sugarcane 527 12,601 435 14,265 | 27,827 1.73

- Ethanol from wood 0 3,730 0.43 14,265 17,995 112

Liquid/gas -
Biogas from dung 0 0 0 12,397 12,397 0.77
LPG 16,106 66,514 237 12,135 | 94,992 5.91
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Figure A-51. Net Energy Demand (MJ) for Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year
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A.6.2.3 Global Climate Change Potential (100a)

Table A-57 and Figure A-52 present the GCCP impact results for fuels in Nigeria by life cycle
stage. The GCCP impact category represents the heat trapping capacity of greenhouse gases over
a 100 year time horizon. Fossil fuel GCCP impacts are dominated by combustion emissions in
the cookstove use stage.

Biogas GCCP impacts are primarily from methane leakage during the production of biogas in an
anaerobic digester (1% of biogas escapes as fugitive emissions at the digester).3?® Sugarcane
ethanol, crop residue briquettes, and charcoal briquettes from bamboo are derived from
renewable biomass that removed CO. from the atmosphere during growth; therefore, the CO>
emissions released from combustion of these fuels is considered carbon neutral, as discussed in
detail in the Appendix B methodology. Impacts for these renewable fuels during the use phase
are driven by nitrous oxide and methane emissions during cookstove use. Impacts associated
with fertilizer production and emissions from application also play a role in the sugarcane
ethanol overall impacts.

Based on the decreasing trend in forest area in Nigeria, all of the wood harvested for use as
cooking fuel is considered unsustainably sourced, and the combustion emissions for the non-
sustainable use of wood are not considered carbon-neutral. This adjustment is also applied to
other wood fuels (wood-derived charcoal briquettes, wood pellets and wood chips), but not to
fuels derived from wood wastes (wood ethanol and non-carbonized briquettes from sawdust).
With the cut-off modeling methodology used in this analysis, wood wastes are treated as a “free”
product (all burdens are allocated to the primary wood product, e.g., lumber, which is outside the
scope of this study), so emissions of biomass CO. for fuels derived from wood waste are treated
as carbon neutral. For charcoal briquettes, GCCP impacts for carbonization of the wood in the
kiln are higher in magnitude than the emissions from combustion of the charcoal briquettes in a
cookstove. Combustion emissions for bamboo-derived charcoal briquettes are lower than for
wood-derived charcoal briquettes because bamboo is a renewable crop and all combustion
emissions are considered carbon-neutral, while none of the wood combustion emissions are
considered carbon-neutral, since the wood supply in Nigeria is considered non-renewable based
on the decreasing forest area. All GHGs associated with the production and combustion of LPG,
including CO2 emissions from cooking, are considered fossil-derived and accounted for in the
GCCP impacts.

Table A-57. Global Climate Change (100a) Potential Impacts (kg CO:2 eq) for Cooking Fuel
Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing  Distribution Total
Unprocessed
Solid Firewood 0 0 0 12,929 12,929
Biomass
Charcoal Briquettes from Wood 0 14,964 197 9,350 24,512
Prgiﬁisjed Charcoal Briquettes from Bamboo 0 3,352 197 1,427 4,976
Biomass | Non-Carbonized Briquettes from 0 15.2 197 1216 1,428
Sawdust
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Table A-57. Global Climate Change (100a) Potential Impacts (kg CO:2 eq) for Cooking Fuel
Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock

Production Processing  Distribution Total
Non-Carbonized Briquettes from
Crop Residues 0 6.68 0.098 730 737
Wood Pellets 0 385 110 5,514 6,010
Wood Chips 0 15.2 3.20 5,832 5,851
Ethanol from Sugarcane 184 104 31.1 154 241

L Ethanol from Wood 0 79.0 31.6 15.4 126
Liquid/Gas r—

Biogas from Dung 0 6.54 0 414 48.0
LPG 1,696 16.2 135 4,489 6,214
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Figure A-52. Global Climate Change (100a) Potential Impacts (kg CO:2 eq) for Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year
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A.6.2.4  Black Carbon and Short-Lived Climate Pollutants

Table A-58 and Figure A-53 display the black carbon and short-lived climate pollutants impact
results for fuels in Nigeria by life cycle stage. Black carbon (BC) is formed by incomplete
combustion of fossil and bio-based fuels. BC is the carbon component of particulate matter (PM)
with aerodynamic diameter less than or equal to 2.5 microns (PM2.5). This is the size of PM that
most strongly absorbs light and thus has potential radiative forcing effects (i.e., potential to
contribute to global warming). Potential climate forcing impacts resulting from BC emissions
include direct, albedo (i.e., fraction of solar energy hitting the earth that is reflected), and other
effects. BC is emitted with other particles (e.g. organic carbon) and criteria pollutants such as
nitrogen and sulfur dioxides. Though some of these co-pollutants may exert a cooling effect on
climate, the net effects of BC emissions likely contribute to global climate warming. Appendix B
shows the 20 year global warming potential and black carbon equivalent values used in the
results calculation. Results are presented here based on BC equivalents. The highest BC impacts
are seen for charcoal briquettes, which tend to have high particulate matter emissions when
processed in a kiln and also when combusted. Similarly, high emissions of particulate matter are
seen for use of firewood in traditional stoves. Utilization of the liquid and gas fuels result in the
lowest overall BC impacts. Some life cycle stages have negative BC equivalent impacts, which is
the case when emissions of SOx and organic carbon, pollutants with net cooling effects on the
climate, are greater than the emissions of BC and other co-emitted pollutants that lead to short
term warming impacts.

Table A-58. Black Carbon and Short-Lived Climate Pollutant Impacts (kg BC eq) for
Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock Total
Production  Processing | Distribution
Unprocessed
Solid Firewood 0 0 0 11.0 11.0
Biomass
Charcoal Briquettes from Wood 0 22.9 0.013 4.29 27.2
Charcoal Briquettes from Bamboo 0 22.3 0.013 4.29 26.6
Processed Non-Carbonized Briquettes from 0 0.062 0013 762 770
; Sawdust
Solid 1N on-Carbonized Briquettes fi

Biomass | On~"-arbonized BIIGUETes from 0 -1.4E-04 6.6E-06 135 135

Crop Residues
Wood Pellets 0 -0.0065 0.0074 0.34 0.34
Wood Chips 0 0.0036 2.1E-04 4.97 4.97
Ethanol from Sugarcane 0.0011 -0.0046 -0.017 0.045 0.025
L Ethanol from Wood 0 0.026 0.0021 0.045 0.074

Liquid/Gas |—:

Biogas from Dung 0 0 0 0.16 0.16
LPG 0.12 -0.0063 -1.7E-04 0.15 0.27
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Figure A-53. Black Carbon and Short-Lived Climate Pollutant Impacts (kg BC eq) for Cooking Fuel Types (Nigeria)

To produce, distribute and use cooking fuels by a single household per year
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A.6.2.5 Particulate Matter Formation Potential

Table A-59 and Figure A-54 show the particulate matter formation impact results for fuels in
Nigeria by life cycle stage. Particulate matter can contribute to many negative health impacts
such as effects on breathing and respiratory systems, damage to lung tissue, cancer, and
premature death. Primary and secondary pollutants leading to particulate matter formation as
well as PM2.5 are characterized here to kg PM10 eq. Charcoal briquettes lead to the greatest
particulate matter formation impacts, followed by briquettes from crop residues/sawdust and
firewood. For charcoal briquettes, the carbonization of the wood in the kiln dominates the overall
life cycle impacts. Charcoal briquettes from bamboo have slightly lower particulate matter
impacts than wood charcoal briquettes. This is because a larger portion of bamboo charcoal
briquettes are estimated to be produced in hot-tail kilns; whereas, all wood charcoal briquettes in
Nigeria are assumed to be produced in traditional earth mound kilns. Advanced liquid fuels as
well as biogas and wood pellets have comparably small particulate matter impacts.

Table A-59. Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking
Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock
Production Processing  Distribution Total
unprocessed | i o0 0 0 0 37.4 37.4

Solid Biomass

Charcoal Briquettes from Wood 0 90.6 0.34 11.2 102
(B:anr ggz' Briquettes from 0 875 0.34 11.2 99.0
Processed Sold Non- Carhonized Briquettes from 0 3.25 0.34 26.0 29.6
gfg‘p%‘gﬁgﬂg" Briquettes from 0 0.0027 1.7E-04 63.0 63.1
Wood Pellets 0 0.16 0.19 1.66 2.02
Wood Chips 0 0.058 0.0055 17.0 17.0
Ethanol from Sugarcane 0.51 0.025 0.22 0.0069 0.76
Liquid/Gas Ethanol from Wood 0 0.98 0.055 0.0069 1.04
Biogas from Dung 0 0 0 0.84 0.84
LPG 1.02 0.10 0.0058 0.79 1.92
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Figure A-54. Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year
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A.6.2.6  Fossil Fuel Depletion

Table A-60 and Figure A-55 provide the fossil fuel depletion impact results for fuels in Nigeria
by life cycle stage. Fossil depletion captures the consumption of fossil fuels, primarily coal,
natural gas, and crude oil. All fuels are normalized to kg oil eq based on the heating value of the
fossil fuel relative to the heating value of a kg of oil. The fossil depletion associated with
firewood as well as biogas and ethanol from wood is negligible, as these fuels are not derived
from fossil fuel, and collection of these fuels is done manually. While biomass fuels are not
derived from fossil fuels, some fossil fuels may be consumed across the life cycle of these fuels
for energy inputs to fuel production and processing, distribution, and disposal. Fossil depletion
for wood pellets is associated with electricity usage for pelletization and some transport, while
sugarcane ethanol fossil depletion is primarily from fertilizers during cane production, as well as
diesel for farm operation and distribution of the feedstock and fuel. Some fossil depletion
impacts are also seen for processing the wood chips and non-carbonized briquettes for the
portions of these fuels that are not processed manually (as discussed in detail in Appendix B, 3%
of non-carbonized and carbonized wood/bamboo briquetting is modeled as mechanized in
Nigeria, and 28% of wood chipping is modeled as mechanized in Nigeria). Fossil depletion
impacts are highest for LPG as this source of energy relies on fossil fuels.

Table A-60. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock

Production Processing Distribution Use Total
Unprocessed | ;.o vo0d 0 0 0 0.11 0.11
solid biomass
Charcoal briquettes from wood 0 0.18 0.063 0.0064 0.25
Charcoal briquettes from bamboo 0 0.12 0.063 0.0064 0.19
Non-carbonized briquettes from 0 1.89 0.063 0.060 201
Processed | sawdust
solid biomass Non-carbonized briquettes from 0 236 3.0E-05 0.042 541
crop residues
Wood pellets 0 128 0.036 0.0029 128
Wood chips 0 4.55 0.0010 0.048 4.60
Ethanol from sugarcane 304 1.26 10.3 0 420
Liquid/gas Et_hanol from wood 0 17.2 0.010 0 17.2
Biogas from dung 0 0 0 0 0
LPG 378 1,560 5.55 662 2,605

A-141



Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

kg oil eq/Household per year

3,000

o
o

2,000

1,500

1,000

500

® Feedstock Production Processing ® Distribution mUse @ Total

- 128
0.11 - 0.25 - 0.19 - 201 -241 ke
—_— —_— _ _ _
Firewood Charcoal Charcoal Non-carbonized Non-carbonized Wood pellets
briquettes from briguettes from briquettes from briquettes from
wood bamboo sawdust crop residues
Unprocessed Processed solid biomass
solid biomass

2,605

Biing ey 122 -0 -
—_— R W— releem— ®

Wood chips Ethanol from  Ethanol from Biogas from LPG
sugar@ne wood dung

Liquid/gas

Figure A-55. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year
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A.6.2.7 Water Depletion

Table A-61 and Figure A-56 illustrate the water depletion impact results for fuels in Nigeria by
life cycle stage. Water depletion results are based on the volume of fresh water inputs over the
life cycle of the assessed fuels. Water may be incorporated in the fuel product, evaporated, or
returned to the same or different water body or to land. If the water is returned to the same water
body, it is assumed the water is returned at a degraded quality, and therefore is considered
consumptive use. Water consumption includes evaporative losses from establishment of
hydroelectric dams but does not include the water passing through the turbine, since that water is
not removed from its source. The hydropower in the electricity mix drives the overall water
depletion impacts. Water depletion associated with wood pellets, the fuel with the highest water
consumption impacts, is due to electricity usage during palletization (with 19.7% of the
electricity grid mix in Nigeria from hydropower).?** Electricity also drives the minimal water
depletion impacts for the 3% of briquettes pressed with motorized machines in Nigeria. Water
depletion impacts are also notable for sugarcane ethanol, as some irrigation is required for the
cane production. Some water depletion impacts are also seen for the biogas to maintain the
digester, but these are negligible when compared to the evaporative losses from hydropower in
the electricity grid. Some water inputs are required for the production of LPG during crude oil
extraction and petroleum refining. Water depletion impacts are negligible for the traditional
biomass fuels (i.e. firewood), which are not irrigated. Because the water content of these fuels
comes from the atmosphere as rainfall, the water released back to the atmosphere when the
biomass is dried or combusted is not considered consumptive use.

Table A-61. Water Depletion Impacts (m* H20) for Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock
Production  Processing Distribution Total
oonprocessed | Eirewood 0 0 0 0.82 0.82
Charcoal Briquettes from Wood 0 1.18 6.0E-04 0.049 1.23
Charcoal Briquettes from Bamboo 0 1.16 6.0E-04 0.049 121

Non-Carbonized Briquettes from

Processed Solid | Sawdust 0 117 6.0E-04 0.45 12.1
Biomass lc\:lﬁ)gmpgizrst;gﬂgzsed Briquettes from 0 147 3.0E-07 0.32 15.0
Wood Pellets 0 789 3.4E-04 0.014 789
Wood Chips 0 4.70 9.9E-06 0.37 5.08
Ethanol from Sugarcane 250 6.04 6.06 0 262
Liquid/Gas Et_hanol from Wood 0 4.48 9.8E-05 0 4.48
Biogas from Dung 0 515 0 0 515
LPG 87.0 34.6 29.6 0 151
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Figure A-56. Water Depletion Impacts (m?® H20) for Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year
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A.6.2.8  Terrestrial Acidification Potential

Table A-62 and Figure A-57 show the terrestrial acidification potential impact results for fuels in
Nigeria by life cycle stage. Terrestrial acidification quantifies the acidifying effect of substances
on their environment. Important contributing emissions include SOz, NOx, and NHs. Ethanol
contains no sulfur, so there are no sulfur dioxide emissions, a main cause of acidification, for the
ethanol cookstove use stage. However, there are notable NOx emissions leading to acidification
for the portion cane straw burned on the field. Firewood has the highest overall acidification
impacts. The main contributing emissions leading to acidification potential for the traditional
fuels are SOx and NOx. For instance, NOx leads to 73% and SOx leads to 27% of the firewood
acidification impacts, respectively. Distribution acidification impacts in Nigeria are highest for
transportation of the carbonized and non-carbonized briquettes since a greater mass of input fuel
for the solid biomass is required to be transported a longer distance given the proximity of end
users to forests in Nigeria (Appendix B provides detailed discussions of the model’s
transportation parameters). Distribution impacts are also notable for sugarcane ethanol, which is
assumed to be transported via ocean freighter from Brazil, the world’s largest producer of
sugarcane ethanol.®?” The lowest overall acidification impacts are seen for biogas. Because land
applied digested sludge from biogas production is used by another product system, it is
considered to be outside the system boundaries for this analysis; however, it is possible that this
land applied digested sludge could lead to emissions of ammonia, an acidifying substance.

Table A-62. Terrestrial Acidification Potential Impacts (kg SO:2 eq) for Cooking Fuel
Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock

Production Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 8.81 8.81
Biomass
Charcoal Briquettes from Wood 0 0.79 0.82 1.66 3.27
Charcoal Briquettes from Bamboo 0 0.77 0.82 1.66 3.25
Processed gon-Carbonized Briquettes from 0 0.057 082 6.13 701
Solig  {oowdust
Biomass | Non-Carbonized Briquettes from 0 0.0087 4.1E-04 3.44 3.45
Crop Residues
Wood Pellets 0 0.50 0.46 0.54 1.50
Wood Chips 0 0.12 0.013 3.98 411
Ethanol from Sugarcane 2.56 0.10 0.73 0 3.39
Liquid/Gas Et_hanol from Wood 0 1.17 0.13 0 1.30
Biogas from Dung 0 0 0 0.25 0.25
LPG 2.40 0.31 0.018 141 4.13
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Figure A-57. Terrestrial Acidification Potential Impacts (kg SOz eq) for Cooking Fuel Types (Nigeria)

To produce, distribute and use cooking fuels by a single household per year
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A.6.2.9 Freshwater Eutrophication Potential

Table A-63 and Figure A-58 provide the freshwater eutrophication potential impact results for
fuels in Nigeria by life cycle stage. Eutrophication assesses the impacts from excessive load of
macro-nutrients to the environment and eventual deposition in freshwater, which can result in
algal blooms, oxygen depletion, and fish kills. Pollutants contributing to this category are all P
based (e.g. phosphate, phosphoric acid, phosphorus). Firewood results in the highest
eutrophication potential impacts. This is due to the larger ash quantity produced from Firewood
compared to all other fuels. The ash from the firewood, which contains phosphorus is assumed to
be land applied, which leads to soil emissions and eventual runoff into freshwater. Ash
production is also the reason other processed biomass fuels have a relatively high eutrophication
impact. The non-carbonized processed biomass fuels have slightly lower eutrophication potential
impacts than traditional unprocessed biomass fuels. Because processed biomass burns more
efficiently than unprocessed biomass, less fuel must be burned, leading to an overall lower
quantity of ash produced. While impacts are comparably smaller for ethanol, there are some
eutrophication impacts occurring from use of phosphorus based fertilizer in sugarcane
production. There are no eutrophication impacts associated with biogas. Application of the
digested sludge from the biogas system would likely lead to some eutrophication impacts, but
utilization of this useful co-product is outside the system boundaries of this study. The digested
sludge impacts are allocated to the product system it serves (i.e. nutrients for crop production).
Impacts from fossil based fuels and biomass pellets are minimal compared to the traditional
fuels.

Table A-63. Freshwater Eutrophication Potential Impacts (kg P eq) for Cooking Fuel
Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock

Production Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 2.65 2.65
Biomass
Charcoal Briquettes from Wood 0 1.10 6.8E-07 0.16 1.26
Charcoal Briquettes from Bamboo 0 1.07 6.8E-07 0.16 1.23
Processed gon-Carbonized Briquettes from 0 0.012 6.8E-07 1.46 1.48
Solig  |oawdust
Biomass Non-Carpomzed Briquettes from 0 4.3E-05 3.5E-10 1.05 1.05
Crop Residues
Wood Pellets 0 0.0032 3.9E-07 0.046 0.049
Wood Chips 0 6.8E-04 1.1E-08 1.20 1.20
Ethanol from Sugarcane 0.13 8.0E-04 8.5E-04 1.7E-05 0.13
Liquid/Gas Ethanol from Wood 0 3.5E-05 1.1E-07 1.7E-05 5.3E-05
Biogas from Dung 0 0 0 0 0
LPG 0.014 0.0047 1.6E-04 0 0.019
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A.6.2.10 Photochemical Oxidant Formation Potential

Table A-64 and Figure A-59 present the photochemical oxidant formation potential impact
results for fuels in Nigeria by life cycle stage. The photochemical oxidant formation (i.e. smog
formation) results are an indicator of the potential for formation of reactive substances that cause
harm to human health and vegetation. Results are characterized here to kg of non-methane
volatile organic compounds (NMVOC) eq. Some key emissions for cookstove fuel systems that
contribute to photochemical oxidant formation include carbon monoxide, methane, nitrogen
oxides, NMVOCs, and sulfur dioxide. Firewood and charcoal briquettes lead to the greatest
photochemical formation impacts, followed by processed biomass fuels. For charcoal briquettes,
impacts are split between the fuel processing stage (carbonization in a kiln) and the use stage.
Photochemical oxidant formation impacts are relatively small for the liquid fuels, processed non-
carbonized biomass and biogas.

Table A-64. Photochemical Oxidant Formation Potential Impacts (kg NMVOC eq) for
Cooking Fuel Types (Nigeria)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock
Production Processing Distribution Total

Unprocessed
Solid Firewood 0 0 0 399 399
Biomass
Charcoal Briquettes from Wood 0 376 1.40 774 455
Charcoal Briquettes from Bamboo 0 374 1.40 774 452
Processed Non-Carbonized Briquettes from 0 295 1.40 276 280
: Sawdust
-SO“d Non-Carbonized Briquettes from
Biomass . 0 0.012 7.0E-04 489 48.9
Crop Residues
Wood Pellets 0 1.49 2.1E-05 1.64 3.13
Wood Chips 0 0.20 0.023 180 180
Ethanol from Sugarcane 12.2 0.028 0.56 1.00 13.8
Liquid/Gas Ethanol from Wood 0 2.03 0.23 1.00 3.25
Biogas from Dung 0 0 0 1.31 1.31
LPG 17.4 0.40 0.046 17.0 34.9
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Figure A-59. Photochemical Oxidant Formation Potential Impacts (kg NMVOC eq) for Cooking Fuel Types (Nigeria)
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A.6.3 Economic Indicators for Nigeria

A.6.3.1  Fuel Use

Figure shows the percentages of the population in Nigeria using various types of fuel as their
primary cooking fuel. Over 70 percent of the population use biomass fuel (primarily firewood)
for cooking.32°330:331332 The remaining households primarily use kerosene, although small
percentages of the population use LPG, coal, charcoal, electricity, dung, and other fuels.>* Fuels
such as ethanol, carbonized and non-carbonized wood briquettes, and biogas may be used on a
very limited basis.>**

As in other countries, fuel use patterns vary with the user’s income level and whether they live in
an urban or rural setting. Use of LPG is limited primarily to high income urban residents (a small
percentage of the population), wood is used by the large numbers of low income rural residents,
and a mix of wood, charcoal and kerosene is used by middle income residents in both urban and
rural areas.®*® While individual user preferences vary, a survey of Nigerians found that kerosene
was most commonly considered the most desirable fuel, primarily due to its ease of use.3%®

0.60% 1.00%
0.50% 0.10%

I B

M LPG

m Coal

0.30%
2.20%

M Biomass
m Charcoal
M Electricity
H Kerosene
® Dung

m All other fuels

Source: GACC, 2014c

Figure A-60. Current Cooking Fuel Mix in Nigeria

A.6.3.2  Fuel Imports, Exports, Production, and Demand in Nigeria

Table shows the levels of imports, exports, production, and demand (assumed to be equal to
current consumption) of several fuels in Nigeria. The data on total and household consumption
do not differentiate between fuel use for cooking and fuel use for other purposes such as heating.
LPG is not widely used, with 129,000 tonnes produced each year and only 17,000 tonnes
consumed by households.**” Nigeria produces about 12,000 tonnes of ethanol and consumes
about 14,000 tonnes,**® but ethanol was not reported as being widely used as a cooking fuel, so
the consumption is likely for transportation or other purposes. Nigeria is estimated to produce
about 64.3 million tonnes of firewood per year,** and over 70 percent of the population uses
firewood for cooking,340341:342:343 ht data on the amounts of firewood consumed, in total or by
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households, are not available. Forest land in Nigeria has been decreasing rapidly within recent
years, with sources citing rates of decrease ranging from 43* to 1134 percent per year, so
households will likely need to find alternative fuels to supply some or all of their cooking needs.
After firewood, kerosene and charcoal are the most widely used fuels in Nigeria.>*6:347-34 The
country produces 1.2 million tonnes of charcoal, which are all consumed by households.>*°
While trade figures are not available for these fuels in Nigeria, cooking fuels are not commonly
imported.®*°

Table A-65. Fuel Imports, Exports, Production, and Demand in Nigeria
(Tonnes per Year)

Consumption
Fuel Imports | Exports | Production Total Household Sources
LPG No data | No data 129,000 107,000 17,000 UNSD, 2011
Ethanol No data | No data 11,297 13,966 No data OECD/FAOQ, 2014
Firewood No data | No data | 64,413,551 No data No data FAO, 2014
Charcoal Briquettes| Nodata| Nodata| 1,171,000| 1,171,000 1,171,000 UNSD, 2011

A.6.3.3  Fuel Cost in Nigeria

Figure shows the price per household per year for the cooking fuels in Nigeria for which cost
data are available. Purchased firewood is the most expensive fuel, at $289 per household per
year. Persons in rural areas are typically able to collect firewood at no cost, while those in urban
areas must purchase it.* LPG and wood charcoal are similar in cost, between $140 and $160 per
household per year.**23%3 Wood and charcoal have the advantage of being available in relatively
small quantities, which make it more affordable for poorer household compared to LPG, which
must generally be purchased in large cylinders. Although kerosene is not in the scope of this
analysis, it is worth noting that kerosene costs roughly half as much as purchased wood,** but
this is in part due to kerosene subsidies for urban users.3*®
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Figure A-61. Fuel Cost Indicator for Cooking Fuels in Nigeria
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A.6.4 Social Indicators for Nigeria

A.6.41 Government Policies/Programs

Key drivers of government action in Nigeria’s energy sector appear related to environmental and
public health issues, and impacts will most likely be felt among those formally and informally
involved in wood-based fuel production and use. Dating back to Nigeria’s 2003 National Energy
Policy, which sought to improve efficiency in the use of firewood and simultaneously promote
alternatives, the government has been engaged with regulating traditional biomass fuels. The
Ministry of Environment endorsed participation in a REDD+ (the UN-led program for Reducing
Emissions from Deforestation and Forest Degradation) readiness program in 2011, and policies
at both the national- and state-level have been introduced to raise awareness about the public
health impacts of indoor air pollution and firewood combustion.®*®

The government has reinforced these efforts indirectly by promoting firewood alternatives.
Nigeria has an ongoing kerosene subsidy (though the industry might undergo privatization due to
supply and price fluctuations)®’ and the government, despite mixed results, has maintained
substantial involvement in the LPG sector. Nigeria’s Department of Petroleum Resources (DPR)
is the principal regulator of the LPG industry®® and is in charge of granting the licenses required
to do business as LPG retailers and suppliers/marketers.3*® The DPR is criticized for its weak
legal framework,*®° which has led to issues such as the loss of control of cylinders and the
management of refilling practices and inconsistent license approvals.3! Separate from the DPR
is the Standards Organization of Nigeria (SON), which produces safety standards for LPG
cylinders, valves, and regulators. As of 2004, the SON was involved in an awareness campaign
to promote cylinder safety among end-users. Specifically, the program seeks to improve
vigilance among LPG users so defective cylinders can be removed from circulation before they
reach the point of failing a mandatory inspection.6?

Complementing Nigeria’s LPG regulations are fuel-neutral policies with implications for the
energy sector. These include commitments among state governments throughout Nigeria to fund
road repairs,®® which has the potential to improve LPG distribution networks and improve
access to filling stations among rural communities, and the Ministry of Environment’s renewable
energy fund, which promotes clean cookstove adoption by providing rebates on qualifying
technology. Relatedly, carbon financing (through Clean Development Mechanism credits) is
used to improve clean cookstove uptake, though key challenges remain: persistent cost barriers,
the stoves are not appropriate to all regions, and stringent monitoring requirements make
implementation difficult.®* While not specific to the energy sector, one promising initiative is
the Ministry of Women Affairs partnership with the Bank of Industry (BOI) to provide
microfinance options for women interested in expanding their businesses.®®® This has the
potential to help women participating in the clean cooking sector scale their operations and
compete with entities benefitting from traditional financing mechanisms.

A.6.42  Supply & Access Challenges

Reliability data are only available for wood-based fuels and LPG. Although charcoal has
traditionally had a very reliable supply chain (relative to electricity supply),®®® Nigeria’s forests
have been decreasing at a rate of 3 percent per year over recent years®®’ — one of the highest rates
in the world.®®® This has substantial implications for both the charcoal industry and those relying
on manually-gathered wood. Approximately 8.2 million rural Nigerian households (28 percent of
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total households) rely on collected firewood and represent the segment of the population most
vulnerable to unsustainable forestry practices. Also implicated are the 6.6 million rural
households (22 percent of the total) and the 13.2 million urban households (44 percent of the
total), who rely on a mix of firewood and other fuels such as charcoal and kerosene. 3

Although Nigeria’s LPG sector faces regulatory challenges (see A.6.4.1 above), reliability proper
is not considered an issue as the country produces 129,000 tonnes of LPG per year, 17,000 of
which is consumed in Nigerian households.3"°

A.6.4.3 Distribution & Adoption Challenges

Although there has been market penetration by some of the alternative fuels in Nigeria—LPG is
fully commercialized, biogas producers are involved in advanced pilot projects,®’* there has been
some wood-based charcoal uptake®’>—challenges facing the distribution and use of the fuels,
with the exception of LPG, remain broad in scope. For example, many people lack awareness of
the health benefits and energy savings associated with nontraditional fuels.3”® A more subjective
barrier to the adoption of nontraditional fuels is the cultural attitude that certain dishes taste
better when cooked over wood.®”* Relatedly, there is a strong tradition in Nigeria of hosting large
social gatherings (50+ attendees) around two times a month, and firewood is the fuel of choice
when cooking for these events. Given the large volume of cooking required, “even LPG
households resort to fuelwood,”*”® illustrating the impact tradition can have on cooking fuel
choice even among those adopting newer methods.

In addition to these general observations, several specific insights were available with respect to
LPG in Nigeria. The insights can be organized into four primary challenges related to the
distribution and use of LPG: (1) import facilities at the port of Lagos are bottlenecked,3"¢37" (2)
distribution capacity is underutilized with 85 percent of filling plants closed,®’® (3) transport
consistency is hampered by poorly maintained trucks®’® and roads,° and (4) the cylinder
population is in poor condition, suffering from a lack of proper maintenance and licensing
procedures.®! Despite these challenges, the broad—however underutilized—reach of the
country’s distribution infrastructure suggests that targeted solutions might lead to more reliable
delivery in the future.38? The perception that LPG is a “rich man’s cooking fuel” and, therefore
not considered as an alternative by many people, 2 would still potentially need to be addressed
before wide-scale adoption is possible.

A.6.4.4  Protection & Safety

The only fuel-specific safety concerns for which data are available in Nigeria relate to the
purchase and use of LPG. Two-thirds of respondents to a survey conducted in Lagos stated that
LPG is dangerous and, some respondents stated that children were allowed to light kerosene
stoves, but not even touch LPG stoves. Moreover, in Maiduguri, perceived danger was the
second-most frequently cited reason for not using LPG, second only to cost, and well ahead of
supply uncertainty and the hassle of obtaining refills.3* Alternatively, respondents in Owerri
stated they experienced hostile encounters at retail outlets, though details of specific incidents
were not provided.®® A 2011 market assessment indicates that safety concerns might not be
based solely on prejudice or perceived danger; rather, it found that LPG leakages and
adulteration are common, thus substantiating the previously mentioned concerns.3%

The informal collection of crop and forest residues (twigs, branches, and so forth) usually occurs
somewhat close to the household, and no safety issues were found in the literature. Although
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certain risks such as animal encounters, accidents occurring during the manual transport of
firewood, and an increased likelihood of gender-based violence are assumed to be present when
fuel is gathered in remote locations, no fuel-specific data were found for Nigeria.

A.6.45 Time & Drudgery

Nigerian households spend an average of 1.7 hours per day gathering firewood,” with one-way
fuel collection trips taking between 25 and 65 minutes depending on the proximity of forests and
agricultural lands.®® Although limited data are available regarding comparative time savings
with alternative fuels, one study in Lagos found that time spent purchasing LPG ranged between
10 minutes for urban users with middle-class incomes and 31 minutes for the rural poor.3° This
represents a substantial improvement over the time spent gathering traditional cookfuel.

A.6.4.6 Income Earning Opportunities

Given the newness of the feedstock-fuel combinations in the present study, limited information
regarding the income earning opportunities associated with specific cookfuels is available. One
cookfuel for which some insights are available is LPG. According to the UN Statistics Division’s
2011 database, Nigeria produced 129,000 tonnes of LPG, but almost the entire supply (all but
17,000 tonnes) were exported.3® Traditionally, LPG that is consumed domestically is distributed
through highly-fragmented markets, making it difficult to develop enterprise-level data.3!
Despite these challenges, the informality of Nigeria’s LPG sector indicates a lack of structural
barriers to market entry for new enterprises, and the large share of exports suggests that the LPG
supply would be readily available should local domestic consumption increase.%?

Another fuel that has an opportunity for growth in Nigeria is ethanol. For example, the success of
Project Gaia, a producer of ethanol from cassava agricultural residue and cashew apple,
demonstrates the market potential for fuel products that are efficient—one liter of ethanol
replaces 16 pounds of wood—and addresses the safety concerns that can stand in the way of new
fuel adoption. For example, project Gaia’s ethanol is packaged in canisters that are leak-proof
and depressurized, and the accompanying stove is designed so that the heat source must be
extinguished before the fuel canister can be refilled.3*

A.6.4.7 Opportunities for Women Along the Value Chain

According to the Global Alliance for Clean Cookstoves 2013 Results Report, the clean
cookstove industry in Nigeria currently has 78 employees (31 percent of whom are women) and
219 microentrepreneurs (77 percent of whom are women).3%4 However, there are currently no
data available to estimate potential increases of skills for women with respect to specific fuels.
Evidence from Solar Sister, a clean cookstove enterprise, suggests that developing business and
planning skills for women as part of the entrepreneurial process can prove successful in
Nigeria.3%
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A7 Detailed Results for Ghana

A7.1 Overview of Ghana

Ghana is Western Africa’s second most populous country, with the population evenly divided
between urban and rural areas. 3% Almost 30 percent of the people live below the international
poverty line of $1.25 per capita per day.3%”*%® About half of Ghana’s population relies on
biomass (primarily firewood).

Adequate supply of fuel to sustainably support current or increasing levels of use is an important
concern, particularly for biomass fuels. Ghana has shown an overall trend of an approximately 2
percent decrease in forest land per year over recent years.3% Seventy-two percent of the country
is vulnerable to desertification,*® and recurrent drought in the north severely affects agricultural
activities.

Finally, cultural issues around food and cooking fires are an important consideration. The flavor
imparted to certain foods by specific cooking fuels can be very important to consumers, leading
to resistance to changing fuel types. Households across Ghana generally eat similar foods and
have the same cooking habits; the primary difference is fuel choice. In northern Ghana and rural
areas, basic wood stoves, such as three-stone stoves and mud stoves, are most common.*®* Many
households have multiple stoves, cooking outdoors with firewood and indoors with cleaner fuels;
different fuels may be used for different types of meals.*%

The following sub-sections address the environmental, economic, and social considerations
related to cooking fuels and stoves for Ghana in greater detail.

A7.2 Environmental Indicators for Ghana

This section covers the detailed Ghana LCA results for the ten environmental indicators assessed
for each fuel. The stove thermal efficiency by fuel and the fuel heating values employed in this
study to calculate the LCA results are provided in Table A-66 and Table A-67, respectively. The
remainder of this section presents results for each environmental indicator.

Table A-66. Stove Thermal Efficiency Applied by Fuel for Ghana

Fuel Type Stove Thermal Efficiency Sources
Firewood 14.0% Afrane & Ntiamoah, 2012
Charcoal Briquettes from Wood 18.0% Afrane & Ntiamoah, 2011
Charcoal Briquettes from Bamboo 18.0% Afrane & Ntiamoah, 2011
Non-Carbonized Briquettes from Sawdust 20.33% GACC, 2015a
Urban Uganda, 2015
Non-Carbonized Briquettes from Crop Residues 31.0% GACC, 2015a
Wood Pellets 53.0% Jetter et al., 2012
Wood Chips 31.0% GACC, 2015a
Ethanol from Sugarcane 53.0% Aprovecho Research
Center, 2009
Ethanol from Wood 53.0% Aprovecho Research
Center, 2009
Biogas from Dung 55.0% Afrane & Ntiamoah, 2011
LPG 57.0% Afrane & Ntiamoah, 2011

A-156




Appendix A: Detailed Enviornmental, Economic and Social Technical Analyses

Table A-67. Fuel Heating Values for Ghana

Fuel Type HHV (MJ/kg) Sources
Firewood 14.0 Afrane & Ntiamoah, 2012
Charcoal Briquettes from Wood 25.72 Afrane & Ntiamoah, 2011
Charcoal Briquettes from Bamboo 25.72 Afrane & Ntiamoah, 2011
Non-Carbonized Briquettes from Sawdust 18.8 Davies et al., 2013
Ferguson, 2012
Non-Carbonized Briquettes from Crop Residues 15.6 FAO, 2015
Duku et al., 2011
Wood Pellets 17.94 Singh etal., 2014
Jetter et al., 2012
Wood Chips 14.0 Boy et al., 2000
Ethanol from Sugarcane 28.3 Aprovecho Research
Center, 2009
Ethanol from Wood 28.3 Aprovecho Research
Center, 2009
Biogas from Dung 17.71 Afrane & Ntiamoah, 2011
LPG 45.84 Afrane & Ntiamoah, 2011

A.7.2.1 Total Energy Demand

Table A-68 and Figure A-62 display the total energy demand impact results for fuels in Ghana
by life cycle stage. Total energy demand sources consist of non-renewable fuels (natural gas,
petroleum, coal, and nuclear) and "renewable" fuels (e.g. biomass, hydro). Energy demand tracks
all energy inputs across the life cycle of the fuel, with energy impacts shown at the point of use
of the relevant fuel.

The total energy demand results are largely a function of the fuel heating value and thermal
efficiency of the fuel and stove combination (Table A-67 and Table A-66). Stoves with higher
efficiencies (e.g., LPG, biogas, ethanol, and biomass pellets) have a lower total energy demand
overall, because more of the heating value of the fuel is converted into useful cooking energy
and therefore less fuel must be produced, transported, and burned to deliver the same amount of
cooking energy.

A number of observations can be made regarding energy results for the various types of fuels.
For sugarcane ethanol, the feedstock energy results include not only the energy value of the
sugar that is converted to ethanol but also the energy content of the bagasse, which provides the
majority of energy used to process the sugarcane to ethanol. A co-benefit of ethanol production
is the production of electricity, which may be exported. As discussed in the Appendix B
methodology, this model employs the cut-off allocation methodology; therefore, a credit is not
given here to the sugarcane or wood ethanol for exported electricity, so the energy demand
impacts for ethanol should be considered as the upper bounds for these fuel types.

For wood fuels, the wood pellets and wood chips have a lower total energy demand than
traditional firewood. Wood chips and wood pellets typically have a lower moisture content,
greater energy content, and greater surface area than the traditional solid biomass, which allows
the fuel to combust more efficiently. It is also more common to see improved cookstoves, which
have higher stove thermal efficiencies, used in combination with the wood chips and wood
pellets in Ghana.
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For briquettes, the energy demand impact for the carbonized briquettes from wood and bamboo
is relatively higher compared to other fuels due to the lower stove efficiencies for metal charcoal
briquette stoves in Ghana and the charcoal kiln energy impacts. That is, additional energy is
consumed when burning firewood at the kiln to produce charcoal prior to charcoal briquette
utilization in a cookstove. Similarly, in processing the commercially made non-carbonized
sawdust briquettes (3% of sawdust briquettes are assumed to be produced commercially in
Ghana), sawdust is combusted to remove the moisture content of the briquettes, which
contributes to the relatively higher total energy demand of the sawdust briquettes compared to
other non-carbonized processed biomass fuels. The remaining 97% of sawdust briquettes are
modeled as pressed manually and dried naturally to 10% moisture content. This requires 1.5 kg
wood input to each 1 kg briquette, assuming a 40% moisture content of the original
greenwood.!’®

Overall, liquid and gas fuels as well as processed solid biomass fuels not requiring additional
combustion of solid fuel for processing (e.g., wood pellets) lead to the lowest overall total energy
demand impacts.

Table A-68. Total Energy Demand Potential Impacts for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock ‘ ‘
Production Processing | Distribution Use Total
Unprocessed
solid Firewood 0 0 0 35,444 35,444
biomass
Charcoal briquettes from wood 0 71,873 0.053 27,578 99,451
Charcoal briquettes from bamboo 0 69,346 0.053 27,578 96,924
Processed Non-carbonized briquettes from 0 13239 0.053 24.417 37,657
solid sawdust _ _
biomass Non-car_bonlzed briquettes from 0 254 41E-04 15,872 15,898
crop residues
Wood pellets 0 3,382 0.69 9,366 12,749
Wood chips 0 140 0.013 16,013 16,153
Ethanol from sugarcane 406 3,645 114 9,366 13,532
Liquid/gas Et_hanol from wood 0 1,151 0.20 9,366 10,517
Biogas from dung 0 0 0 8,790 8,790
LPG 4,452 21,033 51.2 8,709 34,245
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Figure A-62. Total Energy Demand (MJ) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year
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A.7.2.2 Net Energy Demand

Table A-69 and Figure A-63 illustrate the net energy demand impact results for fuels in Ghana
by life cycle stage. Net energy demand is calculated in the same way as total energy demand,
with the final energy delivered to the cooking pot deducted from the results. The net energy
indicator is, therefore, the additional energy required for the life cycle of the cookstove fuel
beyond what is delivered to the consumer for cooking purposes. For Ghana, 13.6 MJ of cooking
energy are consumed per household per day, which equates to 4,964 MJ per household per
year.493 404 Utilization of unprocessed solid biomass consumes seven times more energy than is
provided to the pot, as listed in the last column of Table A-69. Similar levels of net energy
demand are seen for non-carbonized briquettes from sawdust, and LPG. The lowest overall net
energy demand is calculated for non-carbonized briquettes from crop residues, wood pellets,
wood chips, ethanol, and biogas from dung. Production, processing, distribution, and use of these
less energy intensive fuels uses 0.77 to 2.25 times the amount of energy delivered to the pot.
Charcoal briquettes result in the highest net energy demand due to the lower yield at the kilns in
African countries as compared to countries investigated in other world regions. For Ghana, 4.9
kg of wood are required for 1 kg charcoal output at the earth mound kiln.*%® Energy impacts are
also higher for petroleum refining in Africa as compared to other world regions modeled,
resulting in the notable net energy demand burdens of LPG.%?’

Table A-69. Net Energy Demand (MJ) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage Net Energy
Consumed:
Feedstock Delivered
Production Processing = Distribution Use Total Energy
Unprocessed
solid Firewood 0 0 0 30,480 30,480
biomass 6.14
Charcoal briquettes from 0 71,873 0.053 22614 | 94487
wood 19.0
Charcoal briquettes from 0 69,346 0.053 22614 91,960
5 d bamboo 185
rocesse : :
A Non-carbonized briquettes
_solld from sawdust 0 13,239 0.053 19,453 32,693 6.59
biomass Non-carbonized briquettes
. q 0 25.4 4.1E-04 10,908 10,934
from crop residues 2.20
Wood pellets 0 3,382 0.69 4,402 7,785 1.57
Wood chips 0 140 0.013 11,049 11,189 2.25
Ethanol from sugarcane 406 3,645 114 4,402 8,568 1.73
L Ethanol from wood 0 1,151 0.20 4,402 5,553 1.12
Liquid/gas -
Biogas from dung 0 0 0 3,826 3,826 0.77
LPG 4,452 21,033 51.2 3,745 29,281 5.90
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Figure A-63. Net Energy Demand (MJ) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year
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A.7.2.3 Global Climate Change Potential (100a)

Table A-70 and Figure A-64 present the GCCP impact results for fuels in Ghana by life cycle
stage. The GCCP impact category represents the heat trapping capacity of greenhouse gases over
a 100 year time horizon. Fossil fuel GCCP impacts are dominated by combustion emissions in
the cookstove use stage.

Biogas GCCP impacts are primarily from methane leakage during the production of biogas in an
anaerobic digester (1% of biogas escapes as fugitive emissions at the digester).**® Sugarcane
ethanol, crop residue briquettes, and charcoal briquettes from bamboo are derived from
renewable biomass that removed CO. from the atmosphere during growth; therefore, the CO>
emissions released from combustion of these fuels is considered carbon neutral, as discussed in
detail in the Appendix B methodology. Impacts for these renewable fuels during the use phase
are driven by nitrous oxide and methane emissions during cookstove use. Impacts associated
with fertilizer production and emissions from application also play a role in the sugarcane
ethanol overall impacts.

Based on the decreasing trend in forest area in Ghana, all of the wood harvested for use as
cooking fuel is considered unsustainably sourced, and the combustion emissions for the non-
sustainable use of wood are not considered carbon-neutral. This adjustment is also applied to
other wood fuels (wood-derived charcoal briquettes, wood pellets and wood chips), but not to
fuels derived from wood wastes (wood ethanol and non-carbonized briquettes from sawdust).
With the cut-off modeling methodology used in this analysis, wood wastes are treated as a “free”
product (all burdens are allocated to the primary wood product, e.g., lumber, which is outside the
scope of this study), so emissions of biomass CO. for fuels derived from wood waste are treated
as carbon neutral. For charcoal briquettes, GCCP impacts for carbonization of the wood in the
kiln are higher in magnitude than the emissions from combustion of the charcoal briquettes in a
cookstove. Charcoal kiln impacts are largely driven by the methane emissions during the
carbonization process. Combustion emissions for bamboo-derived charcoal briquettes are lower
than for wood-derived charcoal briquettes because bamboo is a renewable crop and all
combustion emissions are considered carbon-neutral, while none of the wood combustion
emissions are considered carbon-neutral, since the wood supply in Ghana is considered non-
renewable based on the decreasing forest area. All GHGs associated with the production and
combustion of LPG, including CO emissions from cooking, are considered fossil-derived and
accounted for in the GCCP impacts.
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Table A-70. Global Climate Change (100a) Potential Impacts (kg CO:2 eq) for Cooking Fuel
Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Use Total
Unprocessed
Solid Firewood 0 0 0 3,990 3,990
Biomass
Charcoal Briquettes from Wood 0 4,618 91.2 2,886 7,595
Charcoal Briquettes from Bamboo 0 1,005 91.2 440 1,536
Processed Non-Carbonized Briquettes from 0 364 91.2 375 470
- Sawdust
{SO“d Non-Carbonized Briquettes from
Biomass . 0 1.21 0.030 225 226
Crop Residues
Wood Pellets 0 73.6 51.1 1,702 1,826
Wood Chips 0 4.70 0.99 1,800 1,805
Ethanol from Sugarcane 56.7 3.22 8.18 4.75 72.9
Liquid/Gas Et.hanol from Wood 0 24.4 14.6 4.75 43.7
Biogas from Dung 0 2.02 0 12.8 14.8
LPG 523 4.15 2.44 1,385 1,915
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Figure A-64. Global Climate Change (100a) Potential Impacts (kg CO:2 eq) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year
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A.7.2.4 Black Carbon and Short-Lived Climate Pollutants

Table A-71 and Figure A-65 display the black carbon and short-lived climate pollutants impact
results for fuels in Ghana by life cycle stage. Black carbon (BC) is formed by incomplete
combustion of fossil and bio-based fuels. BC is the carbon component of particulate matter (PM)
with aerodynamic diameter less than or equal to 2.5 microns (PM2.5). This is the size of PM that
most strongly absorbs light and thus has potential radiative forcing effects (i.e., potential to
contribute to global warming). Potential climate forcing impacts resulting from BC emissions
include direct, albedo (i.e., fraction of solar energy hitting the earth that is reflected), and other
effects. BC is emitted with other particles (e.g. organic carbon) and criteria pollutants such as
nitrogen and sulfur dioxides. Though some of these co-pollutants may exert a cooling effect on
climate, the net effects of BC emissions likely contribute to global climate warming. Appendix B
shows the 20 year global warming potential and black carbon equivalent values used in the
results calculation. Results are presented here based on BC equivalents. The highest BC impacts
are seen for charcoal briquettes, which tend to have high particulate matter emissions when
processed in a kiln and also when combusted. Similarly, high emissions of particulate matter are
seen for use of firewood in traditional stoves. Utilization of the liquid and gas fuels result in the
lowest overall BC impacts. Some life cycle stages have negative BC equivalent impacts, which is
the case when emissions of SOx and organic carbon, pollutants with net cooling effects on the
climate, are greater than the emissions of BC and other co-emitted pollutants that lead to short
term warming impacts.

Table A-71. Black Carbon and Short-Lived Climate Pollutant Impacts (kg BC eq) for
Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 3.39 3.39
Biomass
Charcoal Briquettes from Wood 0 7.07 0.0061 1.33 8.40
Charcoal Briquettes from Bamboo 0 6.89 0.0061 1.33 8.22
Processed Non-Carbonized Briquettes from 0 0.017 0.0061 235 537
; Sawdust
Solid 1N on-Carbonized Briquettes fi
Biomass | o -arbOMIZeq BIGUELLes Trom 0 -1.4E-04 2.0E-06 417 417
Crop Residues
Wood Pellets 0 -0.0072 0.0034 0.10 0.10
Wood Chips 0 0.0011 6.6E-05 1.53 1.53
Ethanol from Sugarcane 3.4E-04 -0.0014 -0.0044 0.014 0.0084
L Ethanol from Wood 0 0.0082 9.8E-04 0.014 0.023
Liquid/Gas |—:
Biogas from Dung 0 0 0 0.051 0.051
LPG 0.038 -0.0015 -2.5E-04 0.047 0.083
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Figure A-65. Black Carbon and Short-Lived Climate Pollutant Impacts (kg BC eq) for Cooking Fuel Types (Ghana)
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A.7.25 Particulate Matter Formation Potential

Table A-72 and Figure A-66 show the particulate matter formation impact results for fuels in
Ghana by life cycle stage. Particulate matter can contribute to many negative health impacts such
as effects on breathing and respiratory systems, damage to lung tissue, cancer, and premature
death. Primary and secondary pollutants leading to particulate matter formation as well as PM2.5
are characterized here to kg PM10 eg. Charcoal briquettes lead to the greatest particulate matter
formation impacts, followed by briquettes from crop residues/sawdust and firewood. For
charcoal briquettes, the carbonization of the wood in the kiln dominates the overall life cycle
impacts. Charcoal briquettes from bamboo have slightly lower particulate matter impacts than
wood charcoal briquettes. This is because a larger portion of bamboo charcoal briquettes are
estimated to be produced in hot-tail kilns; whereas, all wood charcoal in Ghana is assumed to be
produced in traditional earth mound kilns. Advanced liquid fuels as well as biogas and wood
pellets have comparably small particulate matter impacts.

Table A-72. Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking
Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock ‘
Production Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 115 115
Biomass
Charcoal Briquettes from Wood 0 27.9 0.16 3.46 31.6
Charcoal Briquettes from Bamboo 0 27.0 0.16 3.46 30.6
Processed gon-Carbonized Briquettes from 0 091 0.16 8.01 9.08
Solid awdust _ _
Biomass Non-Carpomzed Briquettes from 0 0.0015 5 3E-05 195 195
Crop Residues
Wood Pellets 0 0.083 0.089 0.51 0.68
Wood Chips 0 0.018 0.0017 5.23 5.25
Ethanol from Sugarcane 0.16 0.0078 0.059 0.0021 0.23
Liquid/Gas Ethanol from Wood 0 0.30 0.025 0.0021 0.33
Biogas from Dung 0 0 0 0.26 0.26
LPG 0.32 0.025 0.0030 0.24 0.59
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Figure A-66. Particulate Matter Formation Potential Impacts (kg PM10 eq) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year
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A.7.2.6  Fossil Fuel Depletion

Table A-73 and Figure A-67 provide the fossil fuel depletion impact results for fuels in Ghana by
life cycle stage. Fossil depletion captures the consumption of fossil fuels, primarily coal, natural
gas, and crude oil. All fuels are normalized to kg oil eq based on the heating value of the fossil
fuel relative to the heating value of a kg of oil. The fossil depletion associated with firewood as
well as biogas and ethanol from wood is negligible, as these fuels are not derived from fossil
fuel, and collection of these fuels is done manually. While biomass fuels are not derived from
fossil fuels, some fossil fuels may be consumed across the life cycle of these fuels for energy
inputs to fuel production and processing, distribution, and disposal. Fossil depletion for wood
pellets is associated with electricity usage for pelletization and some transport, while sugarcane
ethanol fossil depletion is primarily from fertilizers during cane production, as well as diesel for
farm operation and distribution of the feedstock and fuel. Some fossil depletion impacts are also
seen for processing the wood chips and non-carbonized briquettes for the portions of these fuels
that are not processed manually (as discussed in detail in Appendix B, 3% of non-carbonized and
carbonized wood/bamboo briquetting is modeled as mechanized in Ghana, and 100% of wood
chipping is modeled as mechanized in Ghana). Fossil depletion impacts are highest for LPG as
this source of energy relies on fossil fuels.

Table A-73. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Total
Unprocessed
solid Firewood 0 0 0 0.033 0.033
biomass
Charcoal briquettes from wood 0 0.036 0.029 0.0020 0.067
Charcoal briquettes from bamboo 0 0.0070 0.029 0.0020 0.038
Processed Non-carbonized briquettes from 0 0.28 0.029 0.017 0.33
solid sawdust _ _
biomass Non-car_bonlzed briquettes from 0 039 9 8E-06 0013 0.40
crop residues
Wood pellets 0 21.6 0.017 8.9E-04 21.6
Wood chips 0 1.40 3.2E-04 0.015 1.42
Ethanol from sugarcane 9.39 0.39 2.71 0 125
Liquidigas Et_hanol from wood 0 5.30 0.0047 0 5.31
Biogas from dung 0 0 0 0 0
LPG 104 493 1.20 204 803
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Figure A-67. Fossil Fuel Depletion Impacts (kg oil eq) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year
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A.7.2.7 Water Depletion

Table A-74 and Figure A-68 illustrate the water depletion impact results for fuels in Ghana by
life cycle stage. Water depletion results are based on the volume of fresh water inputs over the
life cycle of the assessed fuels. Water may be incorporated in the fuel product, evaporated, or
returned to the same or different water body or to land. If the water is returned to the same water
body, it is assumed the water is returned at a degraded quality, and therefore is considered
consumptive use. Water consumption includes evaporative losses from establishment of
hydroelectric dams but does not include the water passing through the turbine, since that water is
not removed from its source. The hydropower in the electricity mix drives the overall water
depletion impacts. Water depletion associated with wood pellets, the fuel with the highest water
consumption impacts, is due to electricity usage during palletization (with 67% of the electricity
grid mix in Ghana from hydropower).2* Electricity also drives the minimal water depletion
impacts for the 3% of briquettes pressed with motorized machines in Ghana. Water depletion
impacts are also notable for sugarcane ethanol, as some irrigation is required for the cane
production. Some water depletion impacts are also seen for the biogas to maintain the digester,
but these are negligible when compared to the evaporative losses from hydropower in the
electricity grid. Some water inputs are required for the production of LPG during crude oil
extraction and petroleum refining. Water depletion impacts are negligible for the traditional
biomass fuels (i.e. firewood), which are not irrigated. Because the water content of these fuels
comes from the atmosphere as rainfall, the water released back to the atmosphere when the
biomass is dried or combusted is not considered consumptive use.

Table A-74. Water Depletion Impacts (m* H20) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 0.25 0.25
Biomass
Charcoal Briquettes from Wood 0 1.13 2.8E-04 0.015 1.14
Charcoal Briquettes from Bamboo 0 1.13 2.8E-04 0.015 1.14
Processed Non-Carbonized Briquettes from 0 13.0 2 8E-04 013 132
; Sawdust
Solid N - Carbonized Briquettes f
Biomass on-Carbonized Briquettes from 0 18.0 9.4E-08 0.10 181
Crop Residues
Wood Pellets 0 953 1.6E-04 0.0044 953
Wood Chips 0 1.45 3.1E-06 0.11 1.57
Ethanol from Sugarcane 77.2 1.86 1.60 0 80.6
- Ethanol from Wood 0 1.38 4.5E-05 0 1.38
Liquid/Gas |—:
Biogas from Dung 0 15.9 0 0 15.9
LPG 26.8 10.5 36.4 0 73.8
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Figure A-68. Water Depletion Impacts (m? H20) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year
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A.7.2.8 Terrestrial Acidification Potential

Table A-75 and Figure A-69 show the terrestrial acidification potential impact results for fuels in
Ghana by life cycle stage. Terrestrial acidification quantifies the acidifying effect of substances
on their environment. Important contributing emissions include SOz, NOx, and NHs. Electricity
usage for pelletization drive biomass pellet acidification impacts. Sulfur dioxide emissions from
coal in the electricity grid are notably higher than sulfur dioxide emissions from combustion of
other fuels. Ethanol contains no sulfur, so there are no sulfur dioxide emissions, a main cause of
acidification, for the ethanol cookstove use stage. However, there are notable NOx emissions
leading to acidification for the portion cane straw burned on the field. Firewood has the highest
overall acidification impacts. The main contributing emissions leading to acidification potential
for the traditional fuels are SOx and NOx. For instance, NOx leads to 73% and SOx leads to 27%
of the firewood acidification impacts, respectively. Distribution acidification impacts in Ghana
are highest for transportation of the carbonized and non-carbonized briquettes since a greater
mass of input fuel for the solid biomass is required to be transported a longer distance given the
proximity of end users to forests in Ghana (Appendix B provides detailed discussions of the
model’s transportation parameters). Distribution impacts are also notable for sugarcane ethanol,
which is assumed to be transported via ocean freighter from Brazil, the world’s largest producer
of sugarcane ethanol.®?” The lowest overall acidification impacts are seen for biogas. Because
land applied digested sludge from biogas production is used by another product system, it is
considered to be outside the system boundaries for this analysis; however, it is possible that this
land applied digested sludge could lead to emissions of ammonia, an acidifying substance.

Table A-75. Terrestrial Acidification Potential Impacts (kg SO:2 eq) for Cooking Fuel
Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage

Feedstock

Production Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 2.72 2.72
Biomass
Charcoal Briquettes from Wood 0 0.25 0.38 0.51 1.14
Charcoal Briquettes from Bamboo 0 0.24 0.38 0.51 1.13
Processed gon-Carbonized Briquettes from 0 0.018 0.38 1.89 299
Solig  (oowdust
Biomass Non-Carpomzed Briquettes from 0 0.0050 1.3E-04 1.06 1.07
Crop Residues
Wood Pellets 0 0.28 0.21 0.17 0.66
Wood Chips 0 0.036 0.0041 1.23 1.27
Ethanol from Sugarcane 0.79 0.032 0.19 0 1.01
Liquid/Gas Ethanol from Wood 0 0.36 0.061 0 0.42
Biogas from Dung 0 0 0 0.076 0.076
LPG 0.74 0.075 0.010 0.44 1.26
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Figure A-69. Terrestrial Acidification Potential Impacts (kg SO2 eq) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year
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A.7.29  Freshwater Eutrophication Potential

Table A-76 and Figure A-70 provide the freshwater eutrophication potential impact results for
fuels in Ghana by life cycle stage. Eutrophication assesses the impacts from excessive load of
macro-nutrients to the environment and eventual deposition in freshwater, which can result in
algal blooms, oxygen depletion, and fish kills. Pollutants contributing to this category are all P
based (e.g. phosphate, phosphoric acid, phosphorus). Firewood results in the highest
eutrophication potential impacts. This is due to the larger ash quantity produced from Firewood
compared to all other fuels. The ash from the firewood, which contains phosphorus is assumed to
be land applied, which leads to soil emissions and eventual runoff into freshwater. Ash
production is also the reason other processed biomass fuels have a relatively high eutrophication
impact, with wood combustion at the charcoal kiln leading to the relatively high eutrophication
of charcoal briquettes. The non-carbonized processed biomass fuels have slightly lower
eutrophication potential impacts than traditional unprocessed biomass fuels. Because processed
biomass burns more efficiently than unprocessed biomass, less fuel must be burned, leading to an
overall lower quantity of ash produced. While impacts are comparably smaller for ethanol, there
are some eutrophication impacts occurring from use of phosphorus based fertilizer in sugarcane
production. There are no eutrophication impacts associated with biogas. Application of the
digested sludge from the biogas system would likely lead to some eutrophication impacts, but
utilization of this useful co-product is outside the system boundaries of this study. The digested
sludge impacts are allocated to the product system it serves (i.e. nutrients for crop production).
Impacts from fossil based fuels and biomass pellets are minimal compared to the traditional
fuels.

Table A-76. Freshwater Eutrophication Potential Impacts (kg P eq) for Cooking Fuel
Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year

Life Cycle Stage
Feedstock
Production Processing Distribution Total
Unprocessed
Solid Firewood 0 0 0 0.82 0.82
Biomass
Charcoal Briquettes from Wood 0 0.34 3.1E-07 0.049 0.39
ggﬁ{ggg' Briquettes from 0 0.33 3.1E-07 0.049 0.38
Processed | Non-Carbonized Briquettes from 0 0.0031 3.1E-07 0.42 0.42
Solid Sawdust
Biomass gl?;éizrsl:;gﬂgzsed Briquettes from 0 2 8E-05 1.1E-10 0.32 0.32
Wood Pellets 0 0.0017 1.8E-07 0.014 0.016
Wood Chips 0 2.1E-04 3.5E-09 0.37 0.37
Ethanol from Sugarcane 0.039 2.5E-04 2.2E-04 5.3E-06 0.040
Liquid/Gas Et_hanol from Wood 0 1.1E-05 5.2E-08 5.3E-06 1.6E-05
Biogas from Dung 0 0 0 0 0
LPG 0.0044 0.0014 5.0E-05 0 0.0059
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Figure A-70. Freshwater Eutrophication Potential Impacts (kg P eq) for Cooking Fuel Types (Ghana)
To produce, distribute and use cooking fuels by a single household per year
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A.7.2.10 Photochemical Oxidant Formation Potential

Table A-77 and Figure A-71 present the photochemical oxidant formation potential impact
results for fuels in Ghana by life cycle stage. The photochemical oxidant formation (i.e. smog
formation) results are an indicator of the potential for 