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Bonneville Power Administration.
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Executive Summary

This report summarizes work conducted by OMNI Environmental Services, Inc. on the first in-home
evaluation of the performance of densified fuels in conventional and Phase IJ EPA certified woodstoves.
The work was completed in Klamath Falls, Oregon under contract to the Oregon Department of Energy
and the U.S. Environmental Protection Agency. Other participants included the Hearth Products
Association, Spokane Pres-to-Logs, and Wood Energy, Inc.

The rate of reduction in ambient particulate matter (PM) emissions in airsheds that are heavily polluted
by woodstove burning has generally been slow. A major reason is the slow replacement rate of the many
existing conventional woodstoves with Phase II EPA-certified stoves or other forms of clean-burning heat.
There is a need to reduce emissions from conventional stoves in the short-term while stove replacement

The objective of the current project was to evaluate the emissions and efficiency performance of two
commercially available densified log types in homes and compare their performance with cordwood.

The two brands of logs used in this study are nearly identical except for the feedstock material. The logs
are 10.8 cm (4’/4 in.) in diameter and 33 cm (13 in.) long, with a density of 1.06 to 1.07 g/em? (66 to
67 1b/ft) and a higher heating value of 8600 BTU/Ib. The moisture content of the logs ranged from
approximately 8 to 10%. Both brands use wood shavings as their feedstock and are produced on the
same type of Hyster log-forming machine. One log, the Eco-Log, uses Douglas fir, and the other log,
Pres-to-Log, uses 40% Ponderosa pine and a 60% mixture of red fir and larch.

Nine stoves in the Klamath Falls, Oregon area were chosen for the study. Five of the stoves were Phase
Il EPA-certified, with two being catalytic and three noncatalytic. The other four were representative
conventional stoves for that area. Homeowners were asked to operate their stoves as they normally did
for the cordwood test. Since the densified logs were new to the homeowners, they were provided with
the log manufacturer’s general product information and instruction sheet and asked to practice burning
for several days before the first densified log emissions test began.

Researchers measured PM, carbon monoxide (CO), and volatile organic matter (VOC) emissions. Both
total VOC and methane values are presented. Each home used OMNI’s Automated Woodstove Emissions
Sampler (AWES) system, developed for the EPA and Bonneville Power Administration (BPA), in a series
of four week-long tests for each stove. The sequence of tests in each stove was cordwood, Pres-to-Logs,
Eco-Logs, and a second, confirming test using Pres-to-Logs.

Results show an average reduction of 52% in PM grams per hour emissions overall for the nine stoves
using Pr&s-to—Logs. All nine stoves displayed a reduction in PM emissions. CO emissions were more
modestly reduced by 27%, and VOCs were reduced 39%. The emissions reduction percentage was
similar for both types of stoves (conventional and Phase II catalytic).

PM emissions reduction from the use of the Eco-Logs was only 24%, whereas CO and total VOC
emissions reductions were similar to those of the Pres-to-Logs, 22% and 37%, respectively.
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Overall energy efficiency was not significantly improved by the use of either of the log types. The
operating cost from the use of these densified logs (at $150 per 909 kg [2000 Ib] pallet) is a relatively
high $14.50 per million delivered BTU. This is 2.2 times greater than the cost of using lodgepole pine
cordwood in Klamath Falls and 1.4 times as much as the cost of using Douglas fir or oak in the
Willamette Valley. In those areas where cordwood is more expensive, use of the densified logs could
be economically feasible.

Given their significant effectiveness but relatively high cost, an effective regulatory strategy could be to
require usage of densified logs before and during high pollution episodes or providing a subsidy on the
usage of densified fuels.

In conclusion, these limited in-home tests indicate that densified logs may significantly reduce emissions
from woodstoves while providing the same amount of energy. These logs could prove effective as a
temporary or permanent emissions control strategy in heavily woodsmoke-polluted airsheds. Caution in
adopting this strategy must be exercised, however, because emissions performance may vary significantly
from brand to brand of densified log due to such factors as fuel composition, particle size, compaction,
log size, and the type of manufacturing process used. In this study we found that the feed stock
composition affected performance. The other factors have not yet been evaluated. Ideally, all these
factors should be taken into account, along with feedstock availability, to develop a product that optimizes
emissions control.

Efforts should be made to evaluate the emissions reduction potential of densified logs made from biomass
wastes associated with landfill and/or field burning problems. Examples include wheat, rice and grass
straw and logging wastes.

it
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Introduction

This report summarizes work conducted by OMNI Environmental Services, Inc. on the first in-home
evaluation of the performance of densified fuels in conventional and Phase II EPA certified woodstoves.
The work was completed in Klamath Falls, Oregon under contract to the Oregon Department of Energy
and the U.S. Environmental Protection Agency. Other participants included the Hearth Products

Association, Spokane Pres-to-Logs, and Wood Energy Inc.

The rate of reduction in ambient particulate matter (PM) emissions in airsheds that are heavily polluted
by woodstove burning has generally been slow. A major reason is the slow replacement rate of the many
existing conventional woodstoves with Phase II EPA certified stoves or other forms of clean-burning heat.
Therefore, there is a strong need to reduce emissions from the conventional stove base in the short-term
while stove replacement takes place over a longer period of time. Additionally, even after Phase II stoves
become abundant, there could still be a need for further pollution reduction. One possible solution is to
use fuels that can burn cleaner than cordwood in both conventional and Phase II stoves. Densified fuels
have been commercially available for years and offer such a possibility. An additional benefit of these

fuels is that they are made from wood processing waste.

There is only one published report on the use of densified logs in woodstoves (Hayden and Braaten,
1991). This was a laboratory study using a single small noncatalytic stove and two log types. Because
the log and stove brand names were not noted, 'interpretation of the results is difficult. The 70%

reduction in emissions reported from the use of the densified logs is, however, suggestive.

The objective of the current project was to evaluate the in-home emissions and efficiency performance
of two commercially available densified log types and to compare their performances with cordwood.
This project was designed primarily to demonstrate whether or not densified tuels can be used effectively
to both provide heat and reduce emissions in currently installed stoves. Therefore, the project used
commercially available densified logs. If an emissions reduction is shown, then additional types of
densified logs can be investigated. Feedstock for these logs might include logging waste that is currently

being burned in the field, logging and lumber waste that is currently being landfilled, or agricultural
Waste that is currently being burned in the fields.




The annual sales volumes of the three dominant 4!/, in. diameter log brands (Pres-to-Logs, Eco-Logs,
and Energy Logs) have been estimated to be 17,000-19,000 pallets (1900 1b each) in Washington; 1,000
pallets in Oregon; and 3,000-4,000 pallets in California.!

The two brands of logs used in this study are Pres-to-Log logs (manufactured in Spokane, Washington)
and Eco-Logs (manufactured in Tacoma, Washington). Both of these logs use wood shavings from
sawmill operations as their feedstock. Eco-Logs use Douglas fir and Pres-to-Log logs use approximately
40% Ponderosa pine and a 60% mixture of red fir and larch. Both logs were manufactured on the same
type of log-producing devicé, a Hyster machine. All logs are 10.8 cm (4!/4 in.) in diameter, 33 cm (13
in.) long, have a density of 1.06 to 1.07 glem? (66 to 67 Ib/ft%), and have a higher heating value of 8600
BTUs per pound (Table 1). The moisture content of the Pres-to-Logs averaged 9.4% and the Eco-Logs
averaged 7.7%. Baseline cordwood tests utilized wood that homeowners had collected for the 1991-1992
season’s use. Almost all wood was beetle-kill lodgepole pine averaging 12.8% moisture content. This

is quite representative of Klamath Falls fuel but dryer than the fuel generally supplied to the Portland

area.

Nine stoves in the Klamath Falls, Oregon area were chosen for the study. Five of the stoves were 1990
Phase II EPA certified (the strictest and final EPA certification level), with two being catalytic and three
noncatalytic. All five of these stoves were installed in January 1990 and were studied by OMNI in
projects sponsored by the Wood Heating Alliance and the Canadian Combustion Research Laboratory
(Barnett, 1990 and Dernbach, 1990). The other four stoves were representative conventional stoves for
the Klamath Falls area. Efforts were made to identify conventional stoves through a chimney sweep and
two stove dealers in the area. The primary conventional stove type that was available in the area was
the Earth Stove 101, a large air-tight stove which is thermostatically controlled. Three of these stoves
were used in this project. The fourth conventional stove was a small, apparently locally made box stove.

Photographs of all of the stoves can be seen in Appendix A.

Homeowners were asked to operate their stoves as they normally did. Because densified logs were new
to all or many homeowners, they were provided with the manufacturer’s general product information and

an instruction sheet. Researchers asked the homeowners to practice burning the densified logs for several

1. Personal communication, Derald Kuhnhausen of Spokane Pres-to-Log, 1992.
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Table 1. Analysis of Eco-Log and Pres-to-Log Fuels

Eco-Log Spokane Pres-to-Log
Analysis Type

Dry Basis Dry Basis
Proximate Analysis
% Ash 0.39 0.36
% Volatile 84.76 83.15
% Fixed Carbon 14.74 16.49

Total % 100.00 100.00

BTU/Ib 8529 8629
% Sulfur 0.17 0.22

Ultimate Analysis

Dry Density

67 Ib/cu ft.

% Carbon 51.69 51.81

% Hydrogen 6.49 6.4

% Nitrogen 0.11 0.11

% Sulfur 0.17 0.22

% Ash 0.39 0.36

% Oxygen 41.85 41.10
Total %

100.00 100.00

66 Ib/cu ft.
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days before the first densified log emissions test. The instructions suggested that a single log should be
burned at a time. The graphs in Appendix B show the woodloading patterns of all homeowners in
histogram form. Because each log is about 3.6 kg (8 Ib), it can be seen that while smaller Phase II stoves

used one or two logs at a time, the conventional stoves often used two or three.

The sequence of week-long tests was the same for each stove. During the first week, homes burned
cordwood to obtain a baseline for comparison. In the second week, Pres-to-Logs were burned. In the
third week, the Eco-Logs were burned. In the fourth week, a second test was conducted using Pres-to-

Logs.

OMNI used its Automated Woodstove Emissions Sampler (AWES) and data logger to conduct the
sampling. By doing so, a direct comparison can be made to numerous published studies on woodstoves,
pellet stoves, fireplaces and masonry heaters. This system collects samples for PM and carbon monoxide
(CO) emissions determination. In addition to producing emission results, the AWES uniquely collects
real-time temperature information on the home’s ambient and stack temperatures. For stoves with
catalytic converters, the AWES collects pre- and post-catalytic temperatures. Real-time data on stack
oxygen content and fuel loading patterns are also collected. This data enables efficiency calculations to

be determined. Graphs showing the trends in the above variables are shown in Appendix A.

An additional parameter, volatile organic compounds (VOC), was measured for the first time in these
tests. The AWES pumps flue gases that have been cleaned by its filtration system into a Tedlar bag.
The contents of this bag have customarily been analyzed for CO, oxygen (O,), and carbon dioxide (CO,).

For this test, VOC were also measured and emission factors calculated.
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Methodology

Emissions Sampling

The AWES Emission Sampling System for Woodstoves

Figure 1 shows a schematic of the AWES/data logger system as used for woodstove sampling. The
AWES unit draws flue gases through a 38 to 46 cm (15 to 18 in.) long, 1.0 cm (3/3 in.) O.D. stainless
steel probe which samples from the center of the flue about 30 cm (1 ft) above the woodstove’s flue
collar. The sample then travels through a 1.0 cm O.D. Teflon line and a heated U.S. EPA Method 5-
type filter for collection of PM, followed by a sorbent resin (XAD-2) trap for semi-volatile hydrocarbons.
Water vapor is removed by a silica gel trap. Flue gas oxygen concentrations, which are used to
determine flue gas volume, were measured by an electrochemical cell (Lynn Instruments). The AWES
uses a critical orifice (Millipore #XX500001) to maintain a nominal sampling rate of 1.0 liter per minute

(0.035 cfm). Each AWES critical orifice is calibrated to determine the exact sampling rate.

The AWES unit returns particle-free exhaust gas after it has passed through the filter and XAD-2 resin
trap to the flue viaa 0.6 cm ('/4 in.) Teflon line and a 38 cm (15 in.) stainless steel probe inserted in the
flue. Some flue gas exiting the AWES is pumped into a 22-liter Tedlar bag (for later gas analysis) under
positive pressure, since the inlet to the bag is on the positive side of the pump. The flow to the bag is
controlled by a solenoid valve connected to the pump circuit, a temperature controller, and a rotameter
with a flow-controlling orifice. The solenoid valve is open only when the pump is activated and the
temperature of the stack exceeds 100° F. The rotameter controls the rate of flow into the bag and is

adjusted to acquire the optimum amount of gas over the entire test without over-pressurizing the bag.

The Data Logger System

The data logger system, known as the CONLOG data logger system, is a second-generation data logging
and emission sampler controlling system developed in 1990 by OMNI. The system (Figure 2) consists

of a host personal computer (PC) containing a data processing board, a terminal box, and specialized data
acquisition software.
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Figure 2. The ConLog data logger system.
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The CONLOG software is written in a high-level programming language (C). The CONLOG program

controls the sampling process and stores the following software settings and data:

Establish starting and ending date and length of sampling period

Establish pump cycle length and thermocouple (TC) cycle recording interval
Record date and time at pre-selected intervals

Record four temperatures—two flue gas temperatures, the catalyst temperature, and the

precatalyst temperature, averaged over pre-selected intervals

Record ambient temperature (room temperature), averaged over pre-selected intervals
® Record flue gas oxygen measurements, averaged over pre-selected intervals

® Save the recorded data as an ASCII file with PRN suffix on 3.5" disk

The system status screen displays instantaneous readings of real-time data: date, time, temperature for

TCs 1 through 5, and flue gas oxygen percent. It also displays the most recent 15 sets of recorded data.

For woodstoves, the AWES records ambient, stack, exit stack, catalyst, and precatalyst (the latter two

for catalytic stoves) temperatures at five-minute intervals. The sampling pump operates for one minute

on followed by 14 minutes off. This procedure collects a sample of 672 liters during the week-long test.




The CONLOG system uses external temperature sensors which generate analog voltages that are
processed by the PC microprocessor’s data acquisition board. For this project, type K ground-isolated,
stainless-steel-sheathed TC (Pyrocom 1K-27-5-U) thermocouples were used.

The keyboard and screen were left installed in the home during the sampling period. The presence of
the display screen’s real-time data generated considerable interest on the part of the participants in the
project and was a positive experience. The CONLOG program was software-locked to prevent possible
interference. However, historically, on a few occasions homeowners have been given the password and
“walked through” minor program modifications over the telephone to solve a problem that may have

occurred during a sampling period. This proved successful and saved considerable field technician time.

Equipment Preparation and Sample Processing Procedures

Prior to emissions testing, OMNI cleaned each AWES unit and loaded a new fiberglass filter and an
XAD-2 sorbent resin cartridge. This was done in OMNT’s laboratory facility at Beaverton, Oregon.
After each sampling period, the stainléss steel sampling probe, Teflon sampling line, filter holder, and
XAD-2 cartridges were removed from the home and transported to OMNI’s laboratory for processing.
The AWES sampler component processing was as follows:

1. Filters: The glass fiber filters (102 mm in diameter) were removed from the AWES filter
housings and placed in Petri dishes for desiccation and gravimetric analysis for particulate
catch.

2. XAD-2 sorbent resin: The sorbent resin cartridges were extracted in the Soxhlet
extractor with dichloromethane for 24 hours. The extraction solvent was transferred to
a tared glass beaker, evaporated in an ambient ajr dryer, and desiccated. The extractable
residue was then weighed on a Mettler AE160 balance.

3. AWES hardware: All hardware which was in the sample stream (stainless steel probe,
Teflon sampling line, stainless steel filter housing, and all other Teflon and stainless steel
fittings) through the base of the sorbent resin cartridge was rinsed with a 50/50 mixture
of dichloromethane and methanol solvents. The solvents were placed in tared glass

e
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beakers. The solvents were evaporated in an ambient air dryer, desiccated, and weighed

to determine the residue fraction weight.
4. A new Tedlar bag was instalied and the system was leak-checked.

OMNI followed EPA Method 5 procedures for desiccation and the weighing time schedule for 1 through
3 above.

OMNI personnel serviced the sampling equipment at the start and end of each sampling period. At the
start of each sampling period, the AWES unit was installed; leak checks were performed; the
thermocouples, woodbasket/scale unit, and oxygen cell were calibrated; and the data logger was
programmed with the proper sampling interval and start/stop times. Data loggers were programmed to
activate the AWES units for one minute on and 14 minutes off for seven consecutive days. At the end
of each sampling period, final calibration and leak-check procedures were performed, and the AWES,

sampling line, filter housing, XAD-2 cartridge, and sampling probe were removed and sent to the lab.

One promising result of this project involves a new sampling system. Throughout this project, a “low-
cost™ emissions sampling system was installed in one of the homes. This system separates the AWES
components into two sample boxes. The “front” box contains the probe, sample line, filter, and XAD-2
cartridge only. This unit is “quick-disconnected” to the “main” AWES box. The homeowner
disconnects the front box and sends it to OMNI for processing, thus greatly reducing field technician
labor. The homeowner installs a new front box for the next test. This system worked flawlessly during
the four test runs of this project. Based on this experience, OMNI wrote a complete set of low-cost

emissions sampling system instructions for the homeowner.

Data Processing and Quality Assurance

Data files stored on the data logger’s 3.5" computer diskette were analyzed by computer at OMNI’s lab.
Each data file was reviewed immediately to check for proper equipment operation. Data logger data files,

log books, and records maintained by field staff were reviewed to ensure sample integrity.




Data logger files were used in conjunction with the AWES particulate sample to calculate particulate
emission rates, daily temperature profiles of the various flue temperatures, woodstove operation time,
burn rates, etc. In addition, computer program outputs for each file include graphical representations of

parameters and parameter interrelationships (see Appendix B).
PM Emissions Calculations

The basic PM emissions equation produces grams per dry kilogram of fuel burned (g/kg). The basic g/kg

equation includes the following components:

1. Particulate mass: The total mass, in grams, of particulate caught on the filter, XAD-2

resin trap, and in the probe rinse.

2. Sample time: The number of minutes the sampler operated during the sampling week

when the stack temperature was greater than 38 °C (100 °F).

3. Sampler’s flow rate: This is controlled by the critical orifice in the sampler. Flow

values vary slightly for the various samplers and average about one liter per minute.

4. Stoichiometric volume: The volume of flue gas produced by completely combusting one
dry kilogram of wood with no excess air. This value is calculated using a carbon balance
for each sample but averages about 4,500-5,000 liters at standard temperature and

pressure for woodstoves.

5. Dilution factor: The degree to which the sampled combustion gases have been diluted
in the stack by the presence of excess air. The dilution factor is obtained by using the

sample period’s average oxygen value in the following equation. Dilution factors range
from about 2 to 5.

Dilution Factor = ((20.9/(20.9 - Average oxygen))

PM emissions, in g/kg, are then calculated by the following equation:

10
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- _ j ich, Vol )(Dilution Factor
PM emissions (g/kg) = (Sample Time)(Sampler Flow)

Multiplying the above equation by the burn rate (dry kg/hr) yields PM emissions in grams per hour.

CO Emissions Calculations

The basic CO emissions equation produces grams CO per dry kilogram of fuel burned. The grams per
kilogram equation includes some components described earlier as well as the following:

1. Fraction CO: The fraction of CO measured in the gas bag. Usually reported in percent,
it must be divided by 100 to give the fraction CO.

2. Molecular weight CO: The gram molecular weight of CO, 28.0 g/mole.

3. Temperature: The temperature at which the concentration of CO was measured in
Celsius.

CO emissions, in g’kg, are calculated by the following equation:

n = (Eraction CO)Stoich. Vol.MDilution Factor)(Molec. Wt. CO)
CO emissions (g/kg) = (22.4 L/mole)(1273 C + Temp]/273 C)

Multiplying the above equation by the burn rate (dry kg/hr) yields grams per hour CO emissions.

VOC Emissions Calculations

The VOC emissions equation yields grams VOC per dry kilogram of fuel burned. Both total VOC and
methane are calculated. In addition to the previously described components, the basic VOC emissions
equation contains two additional components:

1. Fraction VOC: The fraction of VOC measured in the Tedlar bag (either total VOC or

methane). Usually reported in parts per million, this value must be divided by 10° to
give fraction VOC.
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Table 7. Matrix of Student’s ¢ test results showing whether the difference in mean emissions values
between fuel types is statistically significant at the 95% confidence level. Comparisons of emissions

are shown between the different fuel types for different stove categories.

PM (g/hr)
Fuels
Stove Category Cordwood vs. Cordwood vs. Eco-Log vs.
Pres-to-Log Eco-Log Pres-to-Log
Phase 1l SIGNIFICANT not significant SIGNIFICANT
Conventional SIGNIFICANT SIGNIFICANT not significant
Overall SIGNIFICANT not significant SIGNIFICANT
CO (g/hr)
Fuels
Stove Category Cordwood vs. Cordwood vs. Eco-Log vs.
Pres-to-Log Eco-Log Pres-to-Log
Phase II not significant not significant not significant
Conventional SIGNIFICANT SIGNIFICANT not significant
Overall SIGNIFICANT not significant not significant
Total VOC (g/hr)
Fuels
Stove Category Cordwood vs. Cordwood vs. Eco-Log vs.
Pres-to-Log Eco-Log Pres-to-Log
Phase 1 SIGNIFICANT SIGNIFICANT not significant
Conventional not significant not significant not significant
Overall SIGNIFICANT not significant not significant
B ——— .

Bold = significant at the 99% level.




Uncertainty in Emissions Results

PM emissioq values are presented along with their associated uncertainty levels. Each measurement used
in the emissions calculations has some degree of uncertainty which is propagated to determine the
cumulative level of uncertainty attached to each calculated PM emission rate. Criteria, procedures, and
calculations used in evaluating uncertainty are summarized in a previous report (Barnett and Fields,

1991). Within the range of emissions values encountered in this project, uncertainty is generally about
10 to 15% of the stated value. |

Barnett (1990) previously investigated the issue of sample-blank-induced error. The values determined
in that study are used here. They include a probable error at the 95% confidence level of +4.88 mg and
an average blank value of 3.9 mg.

Oxygen-cell-induced error was also investigated by Barnett (1990). The probable error contribution to
emission values of +7% at the 95% confidence level is used in this study.

For a detailed treatment of these and other sources of uncertainty and QA procedures utilized, see
Appendix C of Barnett and Fields (1991).

AWES Modifications

A modification that was made in 1990 was the addition of a flue gas Tedlar bag collection system (Figure
3). Carbon dioxide, carbon monoxide, and oxygen data are generated from this collection system,
allowing for calculation of carbon monoxide emission factors. Carbon balance equations using carbon
dioxide and carbon monoxide were used to calculate the stack dilution factor which in turn is used in the
emissions equations. An NDIR analyzer measured Tedlar bag gases. The Tedlar bag collection is
activated when the AWES system’s pump is on and the stack temperature exceeds 38 °C (100 °F).

The project conducted VOC analysis for the first time on woodstoves in the field. VOCs were collected
in new Tedlar bags and analyzed using gas chromatography and a flame ionization detector. VOCs are
reported as total VOC and the methane fraction, following the format of EPA Methods 25 and 25a. The
d.etection limit is 10 ppm. A sample blank was run and no VOCs were detected.

13
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Results and Discussions

PM Emissions

Tables 2-4 show the detailed results for the 36 emissions tests. Tables 5 and 6 show the summary of the
PM results. Figure 4 summarizes these results and Figure 5 details them. Table 7 shows the statistical
significance of all Student’s 7 comparisons.

The average PM emissions for the five Phase II stoves using cordwood were 7.8 g/hr.2 This is higher
than the 5.4 g/hr when these stoves were new two years ago (Dernbach, 1990; Barnett, 1990). The cause
of the increase appears to be catalytic stove performance deterioration (Figure 6). The average PM
emissions of two test runs using the Pres-to-Log was 4.7 g/hr for the Phase II stoves, a reduction of 40%.
The Eco-Log produced PM emissions of 8.0 g/hr in Phase II stoves, a 3.5% increase over the cordwood
baseline. It should be noted that the Jotul Alpha catalytic stove had deteriorated significantly in
performance since 1990 (Figure 6) and it is possible that it continued to deteriorate during this test
series.> The fact that cordwood was tested first may explain why this stove did not perform as well with

either the Pres-to-Logs or the Eco-Logs, as one would expect.

2. PM grams per hour emissions values reported here are “AWES™ values that have not been
recalculated to EPA Method 5H equivalents. AWES and EPA 5H equivalent values are very similar.
Recalculation involves two equations: AWES to EPA Method 5G and then EPA 5G to EPA SH. The
equations are EPASG = 0.8635 (AWES “0.9288) (Barnett, 1990) and EPA 5H = 1.619 (5G "0.905)
(McCrillis and Jaasma, 1991). Caution is urged to avoid extrapolation because no AWES grams per hour
values greater than 30 were used to establish the relationship. The following AWES-EPA 5H equivalents
should be of some guidance. 5 (AWES) = 5.5 (5H), 10 (AWES) = 9.8 (5H), 15 (AWES) = 13.8 (S5H,
20 (AWES) = 17.6 (5H), and 30 (AWES) = 24.7 (SH).

3. The catalyst was replaced and tightly sealed with Kaowool by the OMNI field representative prior to
all field emissions test series in 1990 and 1992. The homeowner had removed the catalyst and vacuumed
dust from it twice between 1990 and 1992.

15
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Table 5. Average PM Emissions (g/hr) from the Conventional and Phase II Stoves®
Stove Type Cordwood | Pres-to-Logs 1 Pres-to-Logs 2 |- Pres-to-Logs Ave. | Eco-Logs
Phase II 7.8 (5 3305 6.0 (5) 4.7 (5) 8.0 (5
Conventional 45.3 4) 2304 18.2 (4) 2064) PBl1.74)
Overall 24409 12.1 9) 11.4 (9) 11.709) |(18.6 9)

a. Numbers in parentheses are the sample size.

Table 6. Average Percent Reduction of PM g/hr Emissions Using Densified Fuels

vs. Cordwood in the Conventional and Phase II Stoves®

Stove Type Pres-to-Logs 1 | Pres-to-Logs 2 | Pres-to-Logs Ave. Eco-Logs
Phase II 57.1 (5) 22.9 (5) 40.0 (5) +3.5(5)
Conventional 49.1 (4 59.9 4 5454 299 4)
Overall® 50.5 9) 53.4 (9) 5199 24.1 9)

a. All numbers in parentheses are the sample size.
b. The overall average percent reduction was found by calculating the percent reduction

of the total emissions of all nine homes combined.

19
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Table 7. Matrix of Student’s ¢ test results showing whether the difference in mean emissions values
between fuel types is statistically significant at the 95% confidence level. Comparisons of emissions

are shown between the different fuel types for different stove categories.

PM (g/hr)
Fuels
Stove Category Cordwood vs. Cordwood vs. Eco-Log vs.
Pres-to-Log Eco-Log Pres-to-Log
Phase 1l SIGNIFICANT not significant SIGNIFICANT
Conventional SIGNIFICANT SIGNIFICANT not significant
Overall SIGNIFICANT not significant SIGNIFICANT
CO (g/hr)
Fuels
Stove Category Cordwood vs. Cordwood vs. Eco-Log vs.
Pres-to-Log Eco-Log Pres-to-Log
Phase II not significant not significant not significant
Conventional SIGNIFICANT SIGNIFICANT not significant
Overall SIGNIFICANT not significant not significant
Total VOC (g/hr)
Fuels
Stove Category Cordwood vs. Cordwood vs. Eco-Log vs.
Pres-to-Log Eco-Log Pres-to-Log
Phase 1 SIGNIFICANT SIGNIFICANT not significant
Conventional not significant not significant not significant
Overall SIGNIFICANT not significant not significant
B ——— .

Bold = significant at the 99% level.
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The four conventional stoves averaged 45 g/hr using cordwood.* Using Pres-to-Logs in conventional
stoves, the emissions averaged 21 g/hr, for an average reduction of 55%. The average PM emissions

for the Eco-Logs in conventional stoves were 32 g/hr, representing a 30% reduction.

The overall average PM emissions for all nine stoves using cordwood were 24 g/hr. Using Pres-to-Logs.
the emissions averaged 12 g/hr for an average reduction of 52%. The Eco-Logs averaged 19 g/hr for
a reduction of 24%. It is important to note that the decrease in emissions using the densified logs
occurred in spite of the fact that the average stove burn rate during the entire study decreased from 1.39
kg/hr during the cordwood test to 1.13 kg/hr for the first Pres-to-Logs test, to 1.07 kg/hr for the Eco-Log
test, to 0.93 kg/hr for the second Pres-to-Log test. Seven of the nine stoves are noncatalytic stoves and
it is well known that with noncatalytic stoves, PM emissions generally increase as the burn rate decreases,
making these results even more significant. Even the second Pres-to-Log test, which was at the lowest
burn rate of all four test runs, had emissions that were 53% lower than the cordwood baseline values
(Table 8). The implication of this is that these logs may have a wider envelope of clean-burning
performance than that of cordwood, suggesting that the use of Pres-to-Logs in the fall and spring in
relatively warm climates would be as effective in reducing PM emissions as their use in colder climates
typical of Klamath Falls in January. A similar observation of a lack of sensitivity of PM emissions to
burn rate using densified fuels was noted by Hayden and Braaten (1991).

Table 8. Burn Rate (dry kg/hr) for the Conventional and Phase II Stoves
Using Cordwood and Densified Fuels®

Stove Type | Cordwood | Pres-to-Logs 1 | Pres-to-Logs 2 Pres-to-Logs Ave. | Eco-Logs
Phase 11 1.33 (5) 1.19 (5) 0.91 (5) 1.05(5) | 1.06 (5)
Conventional 1.48 4) 1.05 4) 0.95 4) 1.004 |1.09@)
Overall 1.39 9 1.13 9) 0.93 (9) 1.03(9) |1.079)

a. All numbers in parentheses are the sample size.

4. Between this study and the 1990 study (Dernbach, 1990) seven conventional stoves have been
evaluated for emissions in Klamath Falls. The seven-stove average for PM is 44 g/hr, which is abou-
twice the EPA’s AP-42 value. The higher, regional, conventional stove average in Klamath Falls reflects
the regional sales pattern of conventional stoves. It appears that large stoves of the Earth 101 type may
have dominated the Klamath Falls market (five of the seven conventional stoves studied were Earth 101s).
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In summary, the use of Pres-to-Logs reduced PM emissions by 52%, while the Eco-Logs only reduced
emissions by 24%. The overall Pres-to-Log reduction was similar for both Phase II and conventional
stoves and is as great at low burn rates as at higher burn rates. It should be noted that emissions

reduction took place for all nine stoves when Pres-to-Logs were used.

CO Emissions

CO emissions did not decrease as markedly from the use of densified fuels as PM emissions did (Tables
9 and 10, Figure 4). For a stove-by-stove comparison, see Figure 7. The average Phase II stove
emissions were 70 g/hr using cordwood, 56 g/hr using Pres-to-Logs, and 71 g/hr using Eco-Logs. The
densified log CO emission values represent reductions from the cordwood baseline of 19% and 2.4% for

the Pres-to-Logs and Eco-Logs, respectively.

Table 9. Average CO Emissions (g/hr) from the Conventional and Phase II Stoves
Using Cordwood and Densified Fuels®

Stove Type Cordwood | Pres-to-Logs 1 Pres-to-Logs 2 | Pres-to-Logs Ave. Eco-Logs

Phase II 69.8 4) 49.5 (4) 63.1 4) 5634 | 71.503)
Conventional 202.5 (3) 145.4 (3) 135.9 (3) 140.6 (3) | 142.9 (3)
Overall 126.7 (7) 90.6 (7) 94.3 (7) 92.4 (5) | 109.2 (6)

a. Numbers in parentheses are the sample size.

Table 10. Average Percent Reduction in CO Emissions Using Densified Fuels
vs. Cordwood in the Conventional and Phase II Stoves®

Stove Type Pres-to-Logs 1 | Pres-to-Logs 2 Pres-to-Logs Ave. Eco-Logs

Phase II 29.1 (@) 9.6 (4) 19.5 (4) 2.4 (3)
Conventional 28.2 (3) 32.9 (3) 30.6 (3) 29.4 (3)
Overall® 28.5 (7) 25.6 (7) 27.0 (7) 22.3(6)

a. Numbers in parentheses are the sample size.

b. The overall average percent reduction was found by calculating the percent reduction
of the total emissions of all nine homes combined.
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For the conventional stoves, the average CO emissions using cordwood were 203 g/hr. The CO
emissions for conventional stoves using Pres-to-Logs was 141 g/hr. This represents a 31% reduction.

The Eco-Logs averaged 143 g/hr for conventional stoves, for a 29% reduction.

The overall average CO emissions for all nine stoves were 127 g/hr using cordwood. Using the Pres-to-
Logs, the overall average was 93 g/hr, for a 27% reduction. The average overall emissions with the Eco-
Ldgs were 107 g/hr, for an 22% reduction. In this case, the Pres-to-Logs appear to have performed only
slightly better than the Eco-Logs.

In summary, CO emissions were only reduced about half as much as PM emissions from use of Pres-to-

Logs. Pres-to-Logs did not significantly outperform the Eco-Logs.

Total VOC Emissions

The reduction in total VOC emissions was somewhere between that of the PM and the CO emissions
(Tables 11 and 12 and Figure 4). For a stove-by-stove comparison, see Figure 8. The average total
VOC emissions for the Phase II stoves using cordwood were 18 g/hr. The average Pres-to-Log emissions
for the Phase II stoves were 9.7 g/hr, representing a 46% reduction. Average total VOC emissions for
the Eco-Logs were 3.6 g/hr for Phase II stoves, representing a 79% reduction.

Table 11. Average Total VOC Emissions (g/hr) from the Conventional and
Phase II Stoves Using Cordwood and Densified Fuels®

Stove Type | Cordwood | Pres-to-Logs 1 | Pres-to-Logs 2 | Pres-to-Logs Ave. | Eco-Logs
Phase II 17.9 4) 9.9 @4) 9.6 (4) 9.7@4) 3.6 (2)
Conventional 24.8 (3) 20.0 3) 13.9 (3) 169(3)| 22.2(2)
Overall 20.8 (7) 14.2 (7) 11.4 (7) 1287 1294

a. Numbers in parenthesis are the sample size.

OMNI Environmental Services, Inc. (80117-06.007) 2€
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Table 12. Average Percent Reduction of total VOC
vs. Cordwood in the Conventional and Phase II Stoves®

g/hr Emissions Usin

g Densified Fuels

Stove Type Pres-to-Logs 1 Pres-to-Logs 2 Pres-to-Logs Ave. Eco-Logs
Phase II 4.7 (4) 46.4 (4) 45.5 (4) 78.5 (2)
Conventional 19.4 (3) 44.0 3) 31.8 (3) 7.7 2)
Overall® 32.1 (7) 45.5 (7) 38.5 (7) 36.6 (4)

a. Numbers in parenthesis are the sample size.
b. The overall average percent reduction was found by calculating the percent reduction
of the total emissions of all nine homes combined.

Total VOC from the conventional stoves averaged 25 g/hr using cordwood. The Pres-to-Log average
for conventional stoves was 17 g/hr, for a reduction of 32%. The average for conventional stoves using

Eco-Logs was 22 g/hr, for a reduction of 7.7%.

The overall average for all nine stoves for total VOC was 21 g/hr using cordwood. The Pres-to-Logs
averaged 13 g/hr, for a reduction of 39%. The Eco-Logs averaged 13 g/hr, for a reduction of 37%.

It should be noted that since some VOC samples were lost in processing, the sample sizes for VOCs,
particularly for the Eco-Logs, are very small.

In summary, total VOC emissions were reduced by approximately about the same amount (37-39%) by
the use of both densified log brands. See Tables 2 through 4 for methane emission values.

Net Energy Efficiency

Average net energy efficiencies showed no statistically significant difference when cordwood, Pres-to-
Logs, or Eco-Logs were used (Table 13). The overall average for the nine stoves using cordwood was

61%. Using the Pres-to-Logs, the average was 64 %, and when the Eco-Logs were used, the average was
62%. '

OMNI Eavironmental Services, Inc. (80117-06.007)
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Table 13. Net Efficiency Using Stack Exit Temperature for Conventional and Phase II
Stoves Using Cordwood and Densified Fuels?

Stove Type Cordwood | Pres-to-Logs 1 | Pres-to-Logs 2 Pres-to-Logs Ave. | Eco-Logs

Phase II 66.8 (5) 69.8 (5) 66.6 (5) 68.2(5)| 66.8(5)
Conventional 54.7 (4) 599 @4 56.9 4) 584 (4)| 56.7@4)
Overall 61.4 9) 65.4 (9) 62.3 (9) 63.8(9 | 62309

a. All numbers in parentheses are the sample size.

It does not necessarily follow that if the combustion efficiency is improved—as it is slightly from the use
of densified fuels (Tables 1-3)—that the overall efficiency will follow suit. Overall or net efficiency
equals combustion efficiency multiplied by heat transfer efficiency. There are therefore a number of
variables to consider. Generally with woodstoves, the most highly variable aspect of overall efficiency
is the heat transfer efficiency. Heat transfer efficiency is a function of the exit stack temperature and the
dilution factor, which is a function of excess air. Small changes in either of these factors can have a
significant effect on the heat transfer and hence the overall efficiency. Another potentially significant
factor is that the burn rate decreased throughout the project. This could affect both combustion and heat
transfer efficiency. It turned out for the densified fuels that combustion efficiency increased slightly with
their use, net efficiency increased about the same amount, and heat transfer efficiency was essentially
unaffected.

Comparison of Stove Operating Costs Using Cordwood vs. Densified Logs

An important criterion in the acceptance of a product is its cost-effectiveness of operation. In this
section, the cost of operating woodstoves with cordwood versus the two densified fuels is analyzed. Both

densified log brands are considered together, because their net energy efficiencies and cost are aimost the
same.

The most common way to refer to the operating cost of a heating device is the cost per delivered million
BTUs of energy. In an analysis using wood, several variables have to be taken into consideration. The
first is the cost of the unit of energy that is purchased. For cordwood, it is the cost per cord and for the
densified logs it is the cost per pallet or ton. The next factor to consider is the weight of wood fiber
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contained in the purchased unit. Other variables in the analysis include the energy per pound of fuel,
moisture of the fuel, and the efficiency of the appliance in burning the fuel. The values used for this
analysis include the cost for a 1,900 Ib pallet of densified logs at $150 dollars; the cost of lodgepole pine
in the Klamath Falls area at $70 per cord; the cost of Douglas fir in the Willamette Valley at $135 per
cord and the cost for oak in the Willamette Valley at $175 per cord. An energy content of 8600 BTU
per pound for all the wood products is used. The moisture content of the cordwood is assumed to be
20% whereas for the densified logs, it is 8%. The overall efficiency of the nine stoves is 61% when
using cordwood and 63% when using densified logs. This analysis uses the stove population ratio in this
project of five Phase II stoves to four conventional stoves. This is probably not the case in the real world

currently, so efficiency is probably slightly overstated in this analysis.

The results of the analysis indicate that the cost of operating a woodstove using the densified fuels is
approximately $14.50 per delivered million BTUs. This compares to a cost of about $7 using lodgepole
pine cordwood in Klamath Falls. Thus, using the densified logs is about 2.2 times as expensive. The
situation in the Willamette Valley is different, however, because cordwood costs are higher. The cost
per delivered million BTUs of using Douglas fir is about $10.50 and for oak, it is about $10. This means
that the operating cost of using densified logs is only about 1.4 times as expensive in the Willamette
Valley. The point at which the cost of operating stoves using densified logs is the same as using
cordwood (the break-even point) is about $185 per cord for Douglas fir and $250 per cord for oak.
These prices are not common in Oregon, but in other parts of the country, such as urban California, these
prices for cordwood are common. In those areas, it is therefore relatively economical to operate
woodstoves using densified logs. It is possible that the added convenience of using densified logs as

noted by the project participants (Appendix C) could also affect a homeowner’s decision to use them.

The cost of cordwood and, to some extent, densified logs, varies from region to region in the United
States. In most areas, the use of densified logs is not economical compared to the use of cordwood. That
is especially true in Klamath Falls where cordwood is very inexpensive. This is unfortunate, because the

Klamath Falls area is in serious need of woodsmoke-induced pollution abatement.

5. According to Derald Kuhnhausen of Spokane Pres-to-Log, the retail cost of their logs currently ranges
from $115 per pallet in Spokane, Washington to $135-150 in the Seattle-Portland area, to $180-185 in
California.
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The Relationship Between PM, CO, and VOCs

The relationship between CO and PM has been well documented for a variety of woodburning device
types. Grams per kilogram is used in this analysis because it reflects the combustion process better than
grams per hour does. Figure 9 shows a compilation of data from a number of studies of noncatalytic and
catalytic woodstoves, certified and exempt pellet stoves, and the current project. This relationship is
curvilinear when the full range of clean-burning to conventional stoves is included in the plot. The
relationship is generally moderately correlated. Its curvilinearity indicates that as appliance design
becomes progressively more successful at lowering PM emissions, CO emissions are reduced at a
relatively lower rate until stoves are quite clean (less than about 10 g/’kg). After that point, the CO
decreases rapidly. Figure 10 shows that this same relationship and level of correlation are present in the

current study data.

Because VOC have not been analyzed previously from in situ woodstoves, it is not known how
representative the current data is. Figure 11 shows the relationship of total VOCs to PM for the nine
stoves in this project. The data appear to have about the same level of correlation as does the CO-PM
relationship, with the exception of an apparent single outlier of VOC at about 40 g/kg. The total
VOC-PM relationship is also curvilinear, very reminiscent of the CO-PM relationship. These data
relationships suggest that if total VOC is plotted versus CO it should produce a linear relationship, and
Figure 12 indicates that this is so. The correlation coefficient (R), however, is considerably lower at
0.72.

Conclusions

The results of this study indicate that densified logs have the potential to significantly reduce emissions
compared to cordwood. This is particularly true for PM emissions, where the Pres-to-Logs reduced
grams per hour emissions by 52%. CO emissions were more modestly reduced by 27% and total VOC
emissions by 39%. A second confirmation test was run using Pres-to-Logs, and the results were nearly
the same as the first test. The second test was run at the lowest burn rate of all four tests. Its low
emissions indicate that the logs may have a wider envelope of good performance with regard to burn rate

than does cordwood. This is important for relatively warm climate nonattainment areas.

OMNI Environmental Services, Inc. (80117-06.007) 32
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The use of the Eco-Logs did not redyce emissions as much as the Pres-to-Logs, particularly for PM
emissions, which were only reduced by 24%. It is not known exactly why the Eco-Logs were not as
effective as the Pres-to-Logs. Each log was made on the same machine and they are the same size and
density. The only apparent difference is the feedstock. Pres-to-Logs use a mixture of approximately
40% Ponderosa pine and a 60% mixture of red fir and larch; Eco-Logs use only Douglas fir,

While densified logs positively affected emissions, the same is not true for energy efficiency. There was

no statistically significant difference in net energy efficiency between the use of cordwood, Pres-to-Logs,
or Eco-Logs.

The relative cost of using Pres-to-Logs and Eco-Logs rather than cordwood varies greatly from area to
area. In Klamath Falls, one of the most heavily woodstove-polluted airsheds in the country, the need for
these logs is great. However, because local cordwood is currently available for about $70 per cord,
densified logs at $150 a ton cost 2.2 times as much. In the Willamette Valley, cordwood prices are

densified fuels are most needéd, their relative economic feasibility is lowest. However, lumber supply
changes appear to be driving cordwood prices up in the Pacific Northwest.

As a result of the relatively high costs of densified fuels, strategies for optimizing emissions should
probably involve public edugation on densified logs’ clean-burning attributes and burn-ban regulations
that require the use of these logs only during high-pollution episodes. The logs could also be used at the_
beginning of stagnation periods, before ambient PM emissions have significantly risen, to minimize the

rate of increase in ambient emissions and perhaps avoid a high pollution episode. Local jurisdictions
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could consider subsidizing the cost of these logs to further encourage their use. This type of scenaric

would not require the purchase or use of large quantities of these logs by any one woodburner.

Assistance in establishing a local manufacturing source for densified logs in nonattainment areas coulc
prove beneficial. Shipping costs are a significant component in the total delivered cost. Elimination o

shipping costs could result in delivered costs comparable to Pres-to-Logs in Spokane of $115 per pallet

Future Research Needs

This study investigated logs that are commercially available and use waste biomass. There are othe:
biomass waste feedstock materials for which there may be a more pressing need for conversion int.
densified logs, due to escalating landfill problems and/or field-burning problems. A good example woulc
be the wheat straw waste produced in many of the western states, grain straw in Oregon, and rice strav
in California. Residues of these wastes are currently being field-burned and regulations phasing out thi:
burning exist in several states. The use of this biomass refuse as a densified log product appears to havt
considerable potential. It is reccommended that logs made with combinations of wood and straw waste

be investigated under an in-home testing situation following the format of the current project.

The sensitivity of performance logs to composition and other variables such as particle size, degree o
compaction, size of the log, and type of manufacturing process used, indicates that further study is needec
to optimize the performance of densified fuels. Very likely the best-performing combination, given bott.
the available feedstock in a geographic area and log manufacturing processes, has not yet been identified

A project which systematically changes variables and evaluates them is needed to accomplish this goal.

Another project important for emissions reduction would be to evaluate the effectiveness of Pres-to-Log:
in reducing emissions from fireplaces under in-home conditions. Given the findings of the current projec
and previous laboratory tests, there is a good chance that such a project would yield similar results. This
information would be particularly valuable to regulators in those resort areas where fireplace emission:
contribute significantly to air pollution. In these resorts, control over the type of wood burned could bt
tight, and a large-scale switch to densified logs could be readily accomplished.
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Appendix A

Photographs of Stove Installations




[N RPN

Figure A-1. Exterior view of house KF01.

Figure A-2. Installation of Quadrafire 3100 noncatalytic
Phase II stove and AWES sampling system.




Figure A-3. Exterior view of house KF02.

Figure A4. Installation of Earth Stove 1003C catalytic
Phase II stove and AWES sampling system.
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Figure A-5. Exterior view of house KF03.

Figure A-6. Installation of Jotul Alpha catalytic
Phase II stove and AWES sampling system.
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Figure A-7. Exterior view of house KF04,

Figure A-8. Installation of Haugh noncatalytic
Phase II stove and AWES sampling system.
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Figure A-10. Installation of Pacific Energy Super Series
noncatalytic Phase II stove and AWES sampling system.



Figure A-11. Exterior view of house KF06.

Figure A-12. Installation of Earth Stove 101
conventional stove and AWES sampling system.



Figure A-13. Exterior view of house KF07.

e

Figure A-14. Installation of Earth Stove 101
conventional stove and AWES sampling system.
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Figure A-15. Exterior view of house KF08.

Figure A-16. Installation of Earth Stove 101 conventional stove.



Figure A-17. Exterior view of house KF09.

Figure A-18. Installation of small conventional stove and AWES sampling system.




Appendix B

Graphs of Data from Emissions Tests
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STACK TEMP AND BURN RATE (X100)

DAY 1, HOUSE AND RUN:

|2

09

0.8
0.7
0.6
05
0.4

03

(Thousands)

0.2

0.1]

STACKT. & BURN RATE

HOUR IN DAY

O STACKTEMP + DRY KG/HR X100

0 2 4 6 810121416 1820 22 24

DISTRIBUTION OF WOOD LOAD WEIGHTS

HOUSE AND RUN

# OF CASES

3 7 11 4
WEIGHT CLASS (WET LB)

11851 9 lqal 7T4
19

STACKT. VS %XYGEN RAW DATA

HOUSE AND RUN:

| 25
23

DL

OXYGEN %
N

10 o

0 6 r0.8

(Thousands)
STACK TEMP

02 ! 04 | 0.
0.1 03 05 07 098

1
1.1




(Thousands)

STACK OXYGEN 9% STACKT. & BURN RATE

ROOM TEMPERATURE

HOUSE & RUN:

SAMPLE DATES:

STOVE TYPE:

STACK TEMP AND BURN RATE
ALL 7 DAYS. HOUSE AND RUN:
1.2
1.1 151}
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
4]
1 2 3 4 5 -] 7
DAY NUMBER
O STACK TEMRY KG/HR X100
STACK OXYGEN % FOR ALL 7 DAYS
USE AND RUN
22
20
18
16
14
12
10
a
6
1 2 3 4 5 6 7
DAY NUMBER
—STACK OXYGEN %
HOUSE AMBIENT TEMPERATURE
HOUSE AND RUN:
85
80
75 h
1B M /\
S TV
65 q' \, j y T
60

DAY IN TEST

KF0402
1/17-23/92
HAUGH
PRES-TO-LOGS

STACIl()T$MP AND EURN RATE (X100)

HOUSE AN
1

0.9 4
E  os
T o7
g® 06
SE o5
°°§ 0.4 |
%3 08
%é 0.2
= % ]
o 0 2 4 6 8 1012 14 16 18 20 22 24

HOUR IN DAY
O STACK TENMRY KG/HR X100
DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:

50
2]
uw
L]
<
o
w
o
*

1 3 578 11131517192123252729
WEIGHT CLASS (WET LB))
STACKT vs OXYGEN: RAW DATA
OUSE AND RUN:
22 i
sl

20 : 1{,, —

18
R 18
& 14
S .
° 10 ]

3
)

0 010203040506070809 1 1.1

(Thousands)
STACK TEMP




STACK OXYGEN % STACK T, & WOOD LOADS
(Thousands)

ROOM TEMPERATURE

HOUSE & RUN:

SAMPLE DATES:

STOVE TYPE:
FUEL TYPE:
STACK TEMP AND WOOD LOADS (X10)
ALL 7 DAYS. HOUSE AND RUN:
1.1 _
1 Gl
o7 -
0.9
0.8 1
0.7
0.6
0.5
0.4/
0.3
0.2
0.1
0

-
N
w
H
L&
]
~

DAY NUMBER
O STACK TEMP + WOOD LOAD (X1 0)

STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:

22
20

18
Ll
14
12
10

DAY NUMBER
— STACK OXYGEN %

HOUSE AMBIENT TEMPERATURE
HOUSE AND RUN:

85

80

:: g A [‘\ﬁu LY
vy

Y

60

DAY IN TEST

STACK TEMP AND WOOD LOADS (X10)
DAY 1, HOUSE AND RUN:
800 r*
§ 700
S 600
3 500
S 400
= 300
% 200
[
¥ 100
3]
< 0
5 0 2 4 6 8 1012 14 16 18 20 22 24
HOUR IN DAY
O STACK TEMP + WOOD LOAD (X10)
DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:
24
22+
20
18}
g
S 12} »
T |
6 1 BB
4r {
ol
0 T I T l T l T ]
11519 l13l17! 211251 29
3 7 11 15 19 23 27
WEIGHT CLASS (WET LB))
STACK T, VS OXYGEN; RAW DATA
HOUSE AND RUN:
22
20 = ot g T
18 oA
R 6
& 14
1] . a
; 12
o 10
8
8
0 02 | 04 | 06 ! 08 1
01 03 05 07 09 1.1
(Thousands)
STACK TEMP




(Thousands)

STACKT. & WOOD LOADS

STACK OXYGEN %

ROOM TEMPERATURE

000000000 -~
oLhwsrmoO~NwDLb®

80

75

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:

STACK TEMP AND WOOD LOADS (X10)
ALL 7 DAYS. HOUSE AND RUN:

o

-3

[T

-
N
(4]
E -
o
»
~
[+ ]

DAY NUMBER
0O STACK TEMP + WOOD LOAD (X10)

STACK O&(YGE

mZ
R
D
>
by o
[
~
o
>
£
()

DAY NUMBER
—STACK OXYGEN %

HOUSE AMBI NT TEMPERATURE
AND RUN

A AN A

70

80

DAY IN TEST

KF040

3/04—-11/92

HAUG

4

H

PRES—-TO-LOGS

0.8
0.8
0.7

STACK TEMP
DAY 1,

USE AND RU

AND WOOD LOADS (X10)
HOUS RUN:

|

0.6
0.5
0.4

0.3

(Thousands)

0.2
0.1

STACKT. & WOOD LOADS

+

0 2 4 6 8 10121416 18 20 22 24

O STACK TEMP + WOOD LOAD (X10)

HOUR IN DAY

DISTRIBUTION OF WOOD LOAD WEIGHTS

HOUSE AND RUN

30

25

20

15

10

# OF CASES

5
3
WEIGHT CLASS (WET LB)

11 15

STACKT. VS OXYGEN: RAW DATA

HOUSE AND RUN:

13|17|21|25|29
19

OXYGEN %

P

o 'o
0.1

(Thousands)
STACK TEMP

210471 06!08! 1
03 05 07 09

1.2
1.1

1.3




STACK T. & BURN RATE
(Thousands)

STACK OXYGEN %

ROOM TEMPERATURE

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:
STACK TEMP AND BURN
ALL7 DES. HOUSE AND %LE
1.2 T
1.1
1 n
0.9 —
08
0.7
0.6
05
0.4
0.3
0.2
0.1
0
1 2 3 4 5 6 7 g
DAY NUMBER
O STACKTEMP + DRY KG/HR X100
STACK OXYGEN % FOR ALL 7 DAYS
HOUSE ANEORUNL:L DAY
22
20 ——
18
16
144
121 2
10
M e i
LoD I g [
' 2 3 4 5 6 7 g
DAY NUMBER
O STACK OXYGEN %
HOUSE AMBIENT TEMP
HOURENE M ERATURE
85
80 i
75 | A —
70
65 I
60

DAY IN TEST

KF0501

1/9—-15/92
PACIFIC ENERGY
LODGEPOLE

STACK TEMP AND BURN
ACK TEMP 4D B AND RUR: X100)

1.1

1 0l

0.9

0.8
0.7
0.6
05
04

0.3

(Thousands)

0.2 T Y

0.1 I T
0

STACKT. & BURN RATE

HOUR IN DAY
D STACK TEMP + DRY KG/HR X100

DISTRIBUTION

HOUSE AND RUN:

0 2 46 8 10 12 14 16 18 20 22 24

OF WOOD LOAD WEIGHTS

# OF CASES
]

STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:

9 183 ' 17 1 21
3 7 11 15 19 23
WEIGHT CLASS (WET LB)

25

OXYGEN %
N

0 02 ' 04 ! 06 ! 0.
0.1 O.(3Tho O.Snd )0.7 0.9
usands
STACK TEMP

1.1




STACK T. & BURN RATE
(Thousands)

STACK OXYGEN %

ROOM TEMPERATURE

HOUSE & RUN:

SAMPLE DATES:

STOVE TYPE:
FUEL TYPE:

STACK TEMP AND BU N RATE
ALL 7 DAYS. H E D RUN:

1.2
1.1 l I
1
0.9
0.8
0.7
0.8
0.5
0.4
0.3
0.2
0.1
0
1 2 3 4 5 6 7
DAY NUMBER
O STACK TEMP + DRY KG/HR X100
STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:
22
20
18— i
16—
14
12
10
8
8
1 2 8 4 5 & 7
DAY NUMBER
—STACK OXYGEN %
HOUSE / AMBI NT TEMPERATURE
USE AND RUN:
85
80 { ﬂ A
. A
70
85 V

60

DAY IN TEST

KF0502
1/18—-24/92
PACIFIC ENERGY
PRES-TO-LOGS

STACK TEMP AND BURN RATE (X100)
DAY 1, HOUSE AND RUN:

1.2 T
1.1
w 1
E 0.9
0.8
% 07 r—
g? 0.6}
@8 05
@3 04
FE 08
¥~ 0.2 1
2 0.1
= 0
@ 0 2 4 6 8 1012 1416 18 20 22 24
HOUR IN DAY
O STACK TEMP + DRY KG/HR X100
DlSTRlBUTlON OF WOOD LOAD WEIGHTS
OUSE AND RUN
35
sof
o 25
®
] 20
o
w 15
)
* 10
5
[s] ‘ ‘ T I T
1 5 9 |18 171 211 285 | 29
3 11 15 19 23 27
WEIGHT CLASS (WET LB.)
STACKT. VS OXYGEN; RAW DATA
HOUSE AND RUN:
22
eV
18
R 16
& 14
() "
; 12
o 10
8 = .
6 ;
0 02 | 04 1 081 08 1
01 03 05 07 08 1.1
(Thousands)
STACK TEMP




200
800
700
600
500
400
300
200
100

STACK T. & WOOD LOADS

22
20
18
16
14
12
10

STACK OXYGEN %

85

80

75

70

65

ROOM TEMPERATURE

60

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:

STACK TEMP AND WOOD LOAD
ALL7 DAYS. HOUSE AND RUSN(:X1 %

DAY NUMBER
O STACK TEMP + WOOD LOAD (X1 0)

STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:

KF0503
1/26—2/1/92
PACIFIC ENERGY
ECO-LOGS

STACK TEMP AND WOOD LOADS (X10)

DAY 1, HOUSE AND RUN:

DAY NUMBER
—STACK OXYGEN %

HOUSE AMBIENT TEMPERATURE
HOUSE AND RUN:

A

[To—

DAY IN TEST

e e o e e

900
® 800 ‘
2 700 i
9 600
Q
S s00
o 40
% 00
=
X  100—
2 0 |
E 0 2 4 6 8 1012 14 16 18 20 22 24
HOUR IN DAY
O STACK TEMP + WOOD LOAD (X10)
DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:
30
25
a 20
(73]
S 15
6
. 10
5
0
519 l13l47! 211251 29
3 7 11 15 19" 23 27
WEIGHT CLASS (WET LB)
STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:
22
20
18
R 16
P4
g 14 a
& 12 =
° 10

100 200 300 400 500 600 700 800 900

STACK TEMP



STACK OXYGEN % STACK T. & WOOD LOADS

ROOM TEMPERATURE

900
800
700

500
800

200
100

HOUSE & RUN:
SAMPLE DATES:

STOVE TYPE:
FUEL TYPE:

STACK TEMP AND WOOD LOADS (X10)

ALL 7 DAYS. HOUSE AND RUN:

22

1 2 3 4 ) 6

DAY NUMBER
O STACK TEMP + WOOD LOAD (X

STACK OXYGEN % FOR ALL 7 DA
HOUSE AND RUN:

7 8

10)

YS

20
18
18
14
12
10

DAY NUMBER
— STACK OXYGEN %

HOUSE HAMBIENT TEMPERATURE

OUSE AND RUN:

|

80

75

70

&5

60

DAY IN TEST

KF0504

3/04-10/92
PAC. ENERGY
PRES-TO-LOGS

STACK TEMP AND WOOD LOADS (X10)

DAY 1, HOUSE AND RUN:

800

[ | |

700

600

500

400

300

200
100

STACK T. & WOOD LOADS

1 +

| |

0 2 4 8 8 1012141618202224

HOUR IN DAY

O STACK TEMP + WOOD LOAD (X10)

DISTRIBUTION OF WOOD LOAD WEIGHTS

HOUSE AND RUN:

12
11
10

9

# OF CASES

L N L L

O PNBHLANN®

STACKT. VS

9 l13l 171 21128' 29
3 7 11 15 19 23 27
WEIGHT CLASS (WET LB))

XYGEN: RAW DATA
HOUS% AND RUN:

OXYGEN %

0

100 200 300 400 500 600 700 800

STACK TEMP




STACK OXYGEN % STACKT. & BURN RATE
(Thousands)

ROOM TEMPERATURE

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:

STACK TEMP AND BURN RATE
ALL 7 DAYS. HOUSE AND RUN:

1.3
1.2 L -
1.1 [
1
0.9
0.8
0.7
0.6(—
0.5
0.4
0.3
9.2 i
0.1
o
1 2 3 4 5 6 7 g
DAY NUMBER
O STACK TEMP + DRY KG/HR X100
STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:
22
20
18 }
16
14
12
10
8
6
1 2 3 4 5 6 7 8
DAY NUMBER
— STACK OXYGEN %
HOUSE AMBIENT TEMPERATURE
HOUSE AND RUN
100 ‘
sol LU Ll
80 W .\ Adl K
o \ \
60

DAY IN TEST

FO0601
1/08—1 4/92
EARTH CONVENTIONAL
LODGEPOLE, ALDER
STACK TEMP AND BURN RAT
DAY 1, HOUSE ANDRQUE:WOO)
12 :
w 1.1 £
- 1 —_—
& 0s
e 3 o074 i
25 0.6 M
S% 05 3
e
ét 02+ T |
s 0 ! —
2] 0 2 4 6 8 1012 14 16 18 20 22 24
HOUR IN DAY
O STACK TEMP + DRY KG/HR X100
DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:
6
5_
& 4ar
o)
5 af
)
» 2r
| [N
0 Ll T T T T ¥ T T T L L L T
1151 91191721128293937414549595 76
3 7 11151923273135394347515559
WEIGHT CLASS (WET LB
STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:
22
20
181 ] EE i) =
R 16 oo F g
z 14 2 =
o 12 Ut o =
5 10 9 o E a
8 ST 5
6 B—qr
4
01103 !/o05!l07l09l 11113

02 04 06 08 1 1.2
(Thousands)
STACK TEMP



HOUSE & RUN: KF0602
SAMPLE DATES: 1/18-24/92

ROOM TEMPERATURE

STOVE TYPE: EARTH 101; CONVENTIONAL
STACK TEMP A D BURN RATE STACK TEMP AND BURN RATE (x100)
ALL 7 DAYS. HOUSE AND RUN: DAY 1, HOUSE AND RUN
1.6 11
1
1.4
B n| [ w09
< . ;) ] < 0.8/
23 o Y
€% os — g2 0o
os g o
w3 0.6 | m 3 g~;
- £ 4 . £ .
:t 0 ;t 0.2 1
) 0.2 Q 0.1
< < .
= 0 = 0 —
« 1+ 2 3 4 5 6 7 8 « 0 2 4 6 8 1012 14 16 18 20 22 24
DAY NUMBER HOUR IN DAY
O STACK TEMP + DRY KG/HR X100 O STACK TEMP + DRY KG/HR X100
STACK OXYGEN % FOR ALL 7 DAYS DISTRIBUTIO OF w D LOAD WEIGHTS
HOUSE AND RUN USE AND R
22 6
20 sk
® 18 T d i
HZ.I 16 L 1 " J 8 at
4] 14— 7]
% s at
o 12 8
54 10 o
Q 2,..
< 8 *
» 6 1t
1 2 3 4 5 6 7 8 ‘
T35 8 T1al17] 21 37
DAY NUMBER 3 7 11 15 19 23 27 31 35
— STACK OXYGEN % WEIGHT CLASS (WET LB.)
HOUSE AMBIENT TEMPERATURE STACK T. VS OXYGEN; RAW DATA
HOUSE AND RUN: HOUSE AND RUN:
90 22
GSW ] \ \ \ 20
80 \ l w 18— 0
VP YOI N Y ® 18] <
75 Y il 14 - C
v s | 2l b
70 ; 12
o 10 =
65 8 o
60 6 + o £
1 2 3 4 5 6 71 8 o1losloslo7toel 11113
02 04 06 08 1 12 1.4
(Thousands)

DAY IN TEST STACK TEMP



HOUSE & RUN:

SAMPLE DATES:

STOVE TYPE:
FUEL TYPE:

STACK TEMP AND WOOD LOADS (X10)
ALL 7 DAYS. HOUSE AND RUN'

1.4 71—
Y |- n
3 ;
S 09 —a
Q% o8
g% &
=g 0.5
w2 04
~E= 03
< 02
O 0.1
< 0
5 12 3 4 s & 7
DAY NUMBER
D STACK TEMP + WOOD LOAD (X10)
STACK OXYGEN % FOR A LL7DAY
HOUSE A N RUN
22
20
R 18 J
Z 16
g 14—
3 12
x
% 10
5 8
6
1 2 3 a4 5 g 7
DAY NUMBER
— STACK OXYGEN %
HOUSE AMBIENT TEMPERATURE
HOUSE AND RUN
85
" A
o« 80 T I I
5 L
= 75
w
Sl
= 70 u
-
3 65
0
x
60

DAY IN TEST

KF0603
1/26—2/1/92
EARTH 101
ECO-LOGS

STACK TEMP AND WOOD LOADS (X10)
DAY 1, HOUSE AND RUN:

1.4
s 13 ;
5
az 22 i
St &7
oo
~E 03 —
¥ 0.2‘ l T
(<) 0.(1J T T
oy 0 2 4 68 8 1012 1416 18 20 22 24
HOUR IN DAY
O STACK TEMP + WOOD LOAD (X10)
DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN
8
7_
6-
2]
é: 5
o 4
w
o 3
* ok
1t
0 T , T I T [ T T I l T
519113l 171211251 29
7 15 19 23 27
WEIGHT CLASS (WET LB.)
STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:
22
20
18 o
R 16— 5
& 14 &
0 ~
>o><- 12 ]
10 S
8 =]
8 ' O o
01l 03! os!l o7 09! 11113
0.2 04 os 08 1 12 1.4
(Thousands)

STACK TEMP



(Thousands)

STACK OXYGEN % STACK T. & WOOD LOADS

ROOM TEMPERATURE

STACK TEMP AND W

HOUSE & RUN:
SAMPLE DATES:

STOVE TYPE:
FUEL TYPE:

ALL 7 DAYS. HOUSE AND RU

O D LOADS (X1 0)

In]
¥

000000000 =t
OLNVRORNDO=LNOD

22

DAY NUMBER

O STACK TEMP + WOOD LOAD (X10)

STACK OXY GEN % FOR ALL 7 DAYS
OUSE N RUN:

. | ,

20
18
16
14
12
10

DAY NUMBER
— STACK OXYGEN %

HOUSE AMBIENT E PERATURE
HOUSE AND

80

75

70

85

60

DAY IN TEST

KF0604

3/4—11/92

EARTH STOVE 101
PRES-TO-LOGS

STACK TEMP AND WOOD LOADS (X10)
DAY 1, HOUSE AND RUN:

1.1
g 1
0.9
2 o
=X} :
0.8
38 o
T8 04
%2 03
n;t; 0.2
2 0-1
= 0 2 4 6 8 1012 14 16 18 20 22 24
HOUR IN DAY
D STACK TEMP + WOOD LOAD (X10)
DISTRIBUTION OF WOOD LOAD WEIGHTS
OUSE AND RUN
[2]
w
]
<
o
w
o
Y
115l gl1alizl2rlasi2e
3 7 11 15 19 283 27
WEIGHT CLASS (WET LB.)
STACKT VS OXYGEN: RAW DATA
OUSE AND RUN:
22
20
18
R 18 )
% 14 =
a [m}
; - 12 0
° 10
Q o
8
6 .
08! 1 1121 1.4

0 t02!04!08!0.

01 03 05 07 09 11 13
(Thousands)
STACK TEMP



STACKT. & BURN RATE

STACK OXYGEN %
{Thousands)

ROOM TEMPERATURE

HOUSE & RUN:

SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:
STACK TEMP AND BURN RATE
ALL 7 DAYS. HOUSE AND RUN:
1.2
1. <
11 BT BT
0.9 ; 8 7
0.8} L 2
0.7 a
0.6
0.5
0.4
0.3
0.2
0.1
0
1 2 38 4 5 6 7 8
DAY NUMBER
D STACK TEMP + DRY KG/HR X100
STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:
22
20 ‘
18 t
16—
14
12
10
8
6
1 2 3 4 5 6 7 8
DAY NUMBER
—STACK OXYGEN %
HOUSE AMBIEN TEM ERATUF!E
OUSE AND R
85
80 } Ii“
" il
T Bl ]
85 T ‘
60

DAY IN TEST

FO701
1/10—-16/92
EARTH CONVENTIONAL
LODGEPOLE
STACK TEMP AND BURN RATE (xnm)
DAY 1, HOUSE AND R
1.3
1.2
w 1.1
= 1
-3 0 nl
E§ 0.7
2 0.6
@8 o5
g o3
x 0.2
g 0'3 +]| -
« 0 2 4 6 8 1012 14 16 18 20 22 24
HOUR IN DAY
O STACK TEMP + DRY KG/HR X100
DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:
14
13-
12
11t
10-
8-
5 7t
w 6
o 5F
* 4
3-
2-.
nl
0
211251 29
11 15 19 23 27
WEIGHT CLASS (WET LB.)
STACK T. VS OXYGEN:; RAW DATA
HOUSE AND RUN:
22
20
18 S
R 18 3
g 14 o
g 12 3P b 5
10 3 10 AT
8 h 10
6

0 02104/ 06! 08 1 1.2
01 03 05 07 09 11 1.3
(Thousands)
STACK TEMP



[ 54/

STACK T. & BURN RATE

STACK OXYGEN %

ROOM TEMPERATURE

(Thousands)

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:

STACK TEMP AND B RN RATE
ALL 7 DAYS. HOUSE AND RUN:

11 A

1 ) -

DAY NUMBER
O STACK TEMP + DRY KG/HR X100

STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:

22
?z | i1 | 1
16
14
12
10
8
6
1 2 3 4 5 ] 7 8
DAY NUMBER
—STACK OXYGEN %
HOUSE AMBIENT TEMPERATURE
HOUSE AND RUN:
8s

~
o

DAY IN TEST

KF0702

1/19-25/92

EARTH 101; CONVENTIONAL
PRES-TO-LOGS

STACK TEMP AND BURN RATE (X100)
1, HOUSE AND RUN

1.1
1
W oo i
< 0.8
z3 0.7
-] 0.6
as 0.5
3 0.4
do d
.-é 0.3
¥ 0.2 - +
S o T
E )
» 0 2 4 6 8 1012 14 16 18 20 22 24
HOUR IN DAY
O STACK TEMP + DRY KG/HR X100
DISTRIBUTION OF wooo LOAD WEIGHTS
HOUSE AND R
18
15
14
13
12
g
3 &
w 7r
o g-
% af
3-
2—
1-
J
1185l 9lqalq7l211251 20
3 7 11 15 19 28 27
WEIGHT CLASS (WET LB.)
STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:
22
20|
18
R 18 &hil o
& 14 5—50
g 12 '1:‘:
° 10
8
o @5

010203040506070809 1 1.1

(Thousands)
STACK TEMP



STACK T. & WOOD LOADS
(Thousands)

STACK OXYGEN %

ROOM TEMPERATURE

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:

STACK TEMP AND WOOD LOADS (X10)

ALL 7 DAYS. HOUSE AND RUN:

—

9

0OO0O0O00000 -
OLNBE,MINDO

DAY NUMBER
O STACK TEMP + WOOD LOAD (X10)

STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:

22

20
18
16
14
12
10

1 2 3 4 ]

[~ ]
~
[+ 3

DAY NUMBER
— STACK OXYGEN %

85

==
-
o

80

75

70

65

60

DAY IN TEST

KF0703
1/27-2/2/92
EARTH 101
ECO-LOGS

STACK TEMP AND WOOD LOADS (X10)
DAY 1, HOUSE AND RUN:

1.2
o 1.1
3 1
0.9
S os
8‘«»‘ 0.7
% 8-2::& i
=8 '
=3 04 —
£ 0.3
=2 g2 .
X ‘ I
S 0.1
< 0 —
B 0 2 4 8 8 101214 16 18 20 22 24
HOUR IN DAY
O STACK TEMP + WOOD LOAD (X10)
DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:
18
16
14
@ 12
2 10
o 8
o
* 6 :
4 ;
2 ] |
0 i}
5§ i 9 113l 171211251 29
3 7 11 15 19 23 27
WEIGHT CLASS (WET LB.)
STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:
22
20
18 =
16
§ = D D Jial
w 14
[0] [m]
§ 12 3 inj
o 10
8 £r &

0.10203040506070809 1 1.1

(Thousands)
STACK TEMP



STACK OXYGEN % STACK T. & WOOD LOADS

ROOM TEMPERATURE

(Thousands)

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:

STACK TEMP AND WOOD LOADS (X10)
ALL 7 DAYS. HOUSE AND RUN:

1.2
1.1 1N]
1 %2
0.9
0.8 & -
0.7
0.61—
0.5
0.4
0.3
0.2
0.1 X
0
i 2 3 4 5 6 7
DAY NUMBER
0 STACK TEMP + WOOD LOAD (X10)
STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:
22
~r i 1
£V l
18
18
14
12
10
8
8
., 2 3 4 5 6 7
DAY NUMBER
— STACK OXYGEN %
HOUSE AMBIENT TEMPERATURE
HOUSE AND RUN:
a5
80
Tl Wh
\ s J
65 —
60

DAY iN TEST

KF0704

3/4—11/92

EARTH STOVE 101
PRES—-TO—-LOGS

-
N

STACK TEMP AND WOOD LOADS (X10)
DAY 1, HOUSE AND RUN:

1

o 1
8 o
0.
S os
aw 07
02 08
08 o5
=3 o4
} 0.3
cE o2 .
S 0.1
< 0
P 0 2 4 6 8 1012 1416 18202224
HOUR IN DAY
0 STACK TEMP + WOOD LOAD (X10)
DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:
13
12}
1f
1ot
e o
a-
sk
6 s-
* 4ar
3—
2_
1 i .
0 B TER
115l glialq7iar!las! 20
37 11 15 19 23 27
WEIGHT CLASS (WET LB.)
STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:
22
4] I
18
R 16 .
‘Eg 14 g -
% 12 9
10
=]
8 1)
6
04 | 08 1 08 | 1

(¢} 0.2
0.1 0.3 0.5 0.7 0.9 1.1
(Thousands)
STACK TEMP




STACK OXYGEN % STACKT. & BURN RATE

ROOM TEMPERATURE

(Thousands)

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:

STACK TEMP AND BURN RATE
ALL 7 DAYS. HOUSE AND RUN:

1.4
13
1.1 0l =i—
1 & T
0.9
0.8 —
0.7
0.8
0.5
0.4
0.3
Q.2
0.1
0
1 2 3 4 5 6 7 8
DAY NUMBER
O STACK TEMP + DRY KG/HR X100
STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:
22
20
1 B i |
16
14
12
10
8
]
1 2 3 4 5 8 7 8
DAY NUMBER
—8TACK OXYGEN %
HOUSE AMBIENT TEMPERATURE
HOUSE AND RUN:
85
80
75 ﬁ
vM‘ | {' i Wy ||
70 ‘.{ qs{f q1
65 [J
60

DAY IN TEST

KFO0801

1/10—-16/92

EARTH 101, CONVENTIONAL
LODGEPOLE

STACKT. & BURN RATE
(Thousands)

# OF CASES

OXYGEN %

STACK TEMP AND BURN RATE (X100)
DAY 1, HOUSE AND RUN:

—

000000000 -
osvwrmBINDD LD

N 1

0 2 4 6 8 10121416 18202224

HOUR IN DAY
O STACK TEMP + DRY KG/HR X100

DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:

P T

O =4 N W b O N ®
T

171 211 25 29
3 7 11 15 19 23 27
WEIGHT CLASS (WET LB.)

STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:
22
20
18—
04

16 =
14
10 e

u

u
h
o o | o

07 ! 09 ! 1.1 1.3
06 08 1 1.2

01! 031 05
02 04

(Thousands)
STACK TEMP



STACK T. & BURN RATE
(Thousands)

STACK OXYGEN %

ROOM TEMPERATURE

HOUSE & RUN:

SAMPLE DATES:

STOVE TYPE:
FUEL TYPE:

STACK TEMP A NDB RN RATE
ALL 7 DAYS. HOUSE AND RUN:

1.1 l
1 1y
0.9 4
0.8 -
0.7
0.8
0.5
0.4
0.3
0.2
0.1 -:—ll 1 +tig+t +
0 I
1 2 3 4 5 [ 7 8
DAY NUMBER
O STACK TEMP + DRY KG/HR X100
STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:
22
20
18
18 4
14 —
12 —
10 —
8 -
6 L
1 2 3 4 5 [ 7 8
DAY NUMBER
—STACK OXYGEN %
HOUSE AMBIENT E PERATUFIE
HOUSE AND
a5
80 {

i T

70

85

80

DAY IN TEST

KF0802

1/19-25/92

EARTH 101; CONVENTIONAL
PRES-TO-LOGS

STACK TEMP AND BURN RATE (X100)
. HOUSE AND RUN:

900
800
E 700
& 600
Z 500 —
2 400 —
“ 300
- 200
¥ +
Q 100
=
« 0 2 4 6 8 1012 14 16 1820 22 24
HOUR IN DAY
0 STACK TEMP + DRY KG/HR X100
DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:
7
6.—
o S5t
b I
@ 4
o
™ 3
c
* 2
1
0
115!l oligl17l 2112529
8 7 11 {5 19 23 27
WEIGHT CLASS (WET LB.)
STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:
22 :
20
18 —
R 18
é 14 =
§ 12 3
o 10
8 o u:]
: T E® | .
0.1 0.2 0.3 0.4 050.6 070809 1 1.1
(Thousands)

STACK TEMP



HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:
STACK TEMP AND WOO
ALL 7 DAYS. Houseaths?us (X10)
1.1 ,
® 1
o 0.9 & &
S os
2e 07
0.6
8§ 0.5
Z‘é 0.4
< 0.3
r—'é 0.2 A
S °-; HF
<
s i 2 38 4 s5 6 7
DAY NUMBER
O STACK TEMP + WOOD LOAD (X10)
STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:
22
20
R 18
é 16(—
14
& 12
5)
X 10
= 8
@ 6
1 2 3 4 s 6 7
DAY NUMBER
—STACK OXYGEN %
HOUSE AMBIENT TEMPERATURE
HOUSE AND RUN
85
g 80 A
-
E ) I \ by o)
§ 7 Wu\ ’ Ty ‘\{h
S
70
2 y
- 65
e
60
1 2 3 4 5 8§ 7
DAY IN TEST

1/27-2/2/92
STACK TEMP AND WOOD LOADS (X10)
DAY 1, HOUSE AND RUN:
900
o 800
. 700
S s n!
Q -
8 o
=2
- 300
- 200
x
x 100
<
Py 0 2 4 6 810121416 182022 24
HOUR IN DAY
D STACK TEMP + WOOD LOAD (X10)
DISTRIBUTION OF WOQD LOAD WEIGHTS
OUSE AND RUN
10
9
8
7
i
o0 6
5 5
o) 4
» 3
2
1
]
17 211251 29
19 23 27
WEIGHT CLASS (WET LB.)
STACK 'r vs OXYGEN: RAW DATA
USE AND RUN:
22
20
18 oL
R 16
& 14 -
o
5 12 3
[e] 10 o oad
8 o |
6
0 0.1020304 0506070809 1
(Thousands)
STACK TEMP



Lt

(Thousands)

STACKT. & WOOD LOADS

STACK OXYGEN %

ROOM TEMPERATURE

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:

STACK TEMP AND WOO OA S (X10)
ALL 7 DAYS. HOUS ND RUN:

]
[ I
I\

! U

nl

[1

000000000 -~
OSNBENNRDO—= WD

22
20
18
16
14
12
10

85

80

75

70

65

DAY NUMBER
O STACK TEMP + WOOD LOAD (X10)

STACK OXYGEN % FOR ALL 7 DAYS
SE AND RUN

DAY NUMBER
— STACK OXYGEN %

HOUSE AMBIENT TEM ERATURE
HOUSE AND RUN

60

DAY IN TEST

KF0804
3/02—-8/92

EARTH 101
PRES-TO-LOGS

STACK TEMP AND WOOD LOADS (X10)
DAY 1, HOUSE AND RUN:

1
a 1.2
2 11 p
o i
2% 08
8% 1
=85 05
< g 8'3 -
= .
X 0.2 0
O 0.1
< 0 —
& o |l o4l o8 12 161 2 | 24
02 06 1 14 1.8 22
(Thousands)
HOUR IN DAY
O STACK TEMP + WOOD LOAD (X10)
DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:
5
4
[/}
9 s
<
o
w N
o) 2
*®
1-
o T I T p I T
115819 t13lq7l 21125 29
7 15 19 23 27
WEIGHT CLASS (WET LB.)
STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:
22
20
18 of 13
R 16 B
& 14 =
© i o
§ 12 o -
o 10 5 r
8
6 T
0 lo2lo04'06/081 1 |12
01 03 05 07 09 1.1 1.3
{Thousands)

STACK TEMP



URN RATE
ousands)

(Th

STACKT. & B

STACK OXYGEN %

ROOM TEMPERATURE

- -

OPOO0O00O0LOD ..
o;mubuaﬂmmu-m

22
20
18

- 16

14
12
10

85

80

75

70

HOUSE & RUN:
SAMPLE DATES:

STOVE TYPE:
FUEL TYPE:

STACK TEMP
ALL7 DAYS. HOUS

AND BU
E Al

o |

?

DAY NUMBER

D STACK TEMP + DRY KG/HR X100

STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:

DAY NUMBER

—STACK OXYGEN %

HOUSE AMBIENT TEMPERATURE
HOUSE :

AND RUN:

60

DAY IN TEST

F0901

1/11-17/92
SMALL CONVENTIONAL
LODGEPOLE PINE

900
800
700
600
500
400
300
200
100

STACKT. & BURN RATE

STACK TEMP AND BURN RATE (X100)

DAY 1, HOUSE AND RUN:

~—

5

02 4 6 8 1012 14 16 18 20 22 24

HOUR IN DAY

O STACKTEMP + DRY KG/HR X100

DISTRIBUTION OF wWoOD LOAD WEIGHTS

HOUSE AND RUN:

40
35
30
25
20
1§
10

# OF CASES

131171 211 25 | 29
8 7 11 15 19° 23275,
WEIGHT CLASS (WET Lg))

STACK T. VS OXYGEN: RAW DATA

HOUSE AND RUN:

20
18
16
14
12

OXYGEN %

4

10

0

0.2 04 | 08 0.8 1 1.2
0.1 03 05 07 09 1.1
(Thousands)
STACK TEMP



(Thousands)

STACK OXYGEN % STACKT. & BURN RATE

ROOM TEMPERATURE

HOUSE & RUN:

SAMPLE DATES:

STOVE TYPE:
FUEL TYPE:
STACK TEMP AND BURN RATE
ALL 7 DAYS. HOUSE AND RUN:
16
1.4
1.2
1o Py
0.8
0.6/
0.4/
02
0

DAY NUMBER
C STACKTEMP + DRY KG/HR X100

STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:

IAULATILE

DAY NUMBER
— STACK OXYGEN %

HOUSE AMBIENT MPERATURE
H USE AND

85

80

75

70

60

DAY IN TEST

KF0902

1/20—-26/92

SMALL CONVENTIONAL
PRES—-TO-LOGS

STACK TEMP AND BURN RATE (X100)
DAY 1, HOUSE AND RUN:

1': m | |

(Thousands)
o
P

STACKT. & BURN RATE

0 2 4 6 81012141618 202224

HOUR IN DAY
O STACK TEMP + DRY KG/HR X100

DISTRIBUTION OF WOOD LOAD WEIGHTS
OUSE AND RUN:

26
24
22
20
18
16

# OF CASES
T T ;l T ¥ T T T T

1 5 9 13[792’25[29

11
WEIGHT CLASS (WET LB.)

STACK T. VS OXYGEN:; RAW DATA
HOUSE AND RUN:

22
201

14

12
10 o fm} ol

OXYGEN 9%

0'02/lo4l06108! 1 112114
01 03 05 07 09 1.1 1.3 1.5
(Thousands)

STACK TEMP




STACKT. & WOOD LOADS
(Thousands)

STACK OXYGEN %

ROOM TEMPERATURE

4 G R g ot R

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:

STACK TEMP AND WOOD LOADS (X1 0)
ALL 7 DAYS. HOUSE AND RUN

1.
! |

0.9 7

[T1]

-

2 3 4 5 6 7 8

DAY NUMBER
O STACK TEMP + WOOD LOAD (X10)

STACK OXYGEN % FOR ALL 7 DAYS
OUSE AND RUN

22
20

18
18
14
12
10

DAY NUMBER
—STACK OXYGEN %

85

80

75 A A

ol 1 AT

60

DAY IN TEST

KF0S03

1/28—-2/3/92

SMALL CONVENTIONAL
ECO-LOGS

STACKT. & WOOD LOADS
(Thousands)

# OF CASES

OXYGEN %

STACK TEMP AND WOOD LOADS (X10)
DAY 1, HOUSE AND RUN

0.9

0.8

0.7

0.6

0.5

0.4

0.3 ]

0.2 |

0.1

0 2 4 6 8 101214 16 18 20 22 24

HOUR IN DAY
O STACK TEMP + WOOD LOAD (X10)

DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:

35
30r
251
20r
15
10

5 17
3 7 11 15 19 23

STACK T. VS OXYGEN: RAW DATA
H AND RUN:

E
22 l

20

18 b

16

14 O P

n

&

10

0 0.2 04 0.6 0.8 1
0.1 0.3 0.5 0.7 0.9 1.1

(Thousands)
STACK TEMP



e

STACK OXYGEN % STACK T. & WOOD LOADS
{Thousands)

ROOM TEMPERATURE

— -

000000000 —~--
OLNWARNONOO =W

85

80

75

70

65

60

HOUSE & RUN:
SAMPLE DATES:
STOVE TYPE:
FUEL TYPE:

STACK TEMP AND WOQD LOADS (X10)
ALL 7 DAYS. HOUSE AND RUN:

HeE)

T

-
Ny !

DAY NUMBER

O STACK TEMP + WOOD LOAD (X10)

STACK OXYGEN % FOR ALL 7 DAYS
HOUSE AND RUN:

DAY NUMBER

—STACK OXYGEN %

HOUSE AMBIENT TEMPERATUR|
HOUSE AND RUN: TURE

DAY IN TEST

KF0904

3/03—-9/92
CONVENTIONAL
PRES-TO-LOGS

STACK TEMP AND WOOD LOADS (X10)
DAY 1, HOUSE AND RUN:

11

0.9

0.8

0.7

0.6

0.4

0.3

(Thousands)

0.2
0.1

STACKT. & WOOD LOADS

0 2 4 6 8 1012141618 202224

HOUR IN DAY
O STACK TEMP + WOOD LOAD (X10)

DISTRIBUTION OF WOOD LOAD WEIGHTS
HOUSE AND RUN:

24
22
20
18
16
14
12
10

# OF CASES

T3 T t T T r T T

oONDd»DOO

i (I r -
1 o l1sl 171 211 25 [ 29
3°7 1115 19" 28" 27
WEIGHT CLASS (WET LB)

STACK T. VS OXYGEN: RAW DATA
HOUSE AND RUN:

a
0 9,
a

OXYGEN %

=
ot Qo9
[n

0 02 104! 08! 08 1 1.2
01 03 05 07 09 1.1

(Thousands)
STACK TEMP




Appendix C

Homeowner Comments on Densified Fuels




Homeowner Comments on Densified Fuels

Stove Type: Quadrafire noncatalytic Phase II stove
Home Code: KF01
Homeowner’'s Name: Rickert

Q: Please note below any observations you have made while burning the three fuel .
types. Also please compare burning densified logs to burning your normal ‘
cordwood.

A: Eco-Log is cleaner to handle and has less ash than both Pres-to-Log and cordwood. Eco-Log is
lighter-weight than Pres-to-Log. Heat is easier to control with Eco-Log than with Pres-to-Log;
the Eco-Log is cooler, more like cordwood. Eco-Log doesn’t last as long as Pres-to-Log. Prefer
to Eco-Log to cordwood and Pres-to-Log. Eco-Log has less smoke than either Pres-to-Log or
cordwood.

Preference: 1. Eco-Log
2. Juniper
3. Pres-to-Log (had too many “pitchy” logs)

Stove Type: Earth 1003C catalytic Phase II stove
Home Code: KF02
Homeowner’'s Name: Loud
Q: Please note below any observations you have made while burning the three fuel
types. Also please compare burning densified logs to burning your normal
cordwood.

A: The Eco-Logs leave less ash than the Pres-to-Logs. Both put out plenty of heat and do not have
a lot of dust coming out when you open the door.




Homeowner Comments on Densified Fuels

Stove Type: Jotul-Alpha catalytic Phase II stove
Home Code: KFQ03
Homeowner's Name: Harris

Please note below any observations you have made while burning the three fuel
types. Also please compare burning densified logs to burning your normal
cordwood.

Eco-Logs burn longer than Pres-to-Logs but do not produce as much heat. Eco-Logs produce
more ash. Heat with both types is very even. Two logs at night will leave plenty of coals in the
morning.

Densified logs have much longer burn-time between loadings than cordwood, probably due to
their greater weight and density.

Stove Type: Haugh noncatalytic Phase II stove
Home Code: KF04
Homeowner’s Name: Neubert

Please note below any observations you have made while burning the three fuel

types. Also please compare burning densified logs to burning your normal
cordwood.

I thought the Pres-to-Log burned better. Pres-to-Logs seemed to last longer and be more
consistent in heat.



Homeowner Comments on Densified Fuels

Stove Type: Pacific Energy Super 27 noncatalytic Phase II stove
Home Code: KF05
Homeowner’'s Name: Killian

Please note below any observations you have made while burning the three fuel

types. Also please compare burning densified logs to burning your normal
cordwood.

Pres-to-Logs were easier to handle in most cases. Starting a fire in a cold seemed slow compared

to cordwood. But pound for pound it burnt about the same heat per amount of time. Pres-to-
Logs did seem to leave less ash.

Pres-to-Logs and Eco-Logs were different some, t00. Being the same approximate weights.
Pres-to-Logs were easier to start a fire than Eco-Logs, maybe the difference in moisture. Eco-
Logs were harder to break up. Both left about the same ash. Eco-Logs burned a bit longer than
Pres-to-Logs. For both makes of log, two logs did burn better together instead of one at a time.

Cold logs of either kind seemed slow in burning and logs at room temperature took off better.

Stove Type: Earth 101 conventional stove
Home Code: KF06
Homeowner’'s Name: Freeman

Please note below any observations you have made while burning the three fuel

types. Also please compare burning densified logs to burning your normal
cordwood.

My observation is the Pres-to-Logs were superior to the Eco-Logs. The Pres-to-Log burned
hotter and was easier to control with the stove. We got our house filled with smoke a few times
with the Eco-Logs. The densified logs were nice to handle compared to cordwood and you didn’t
have some of the smells associated with burning cordwood. 1 think the densified logs would cost-
prohibitive over a complete winter.



Homeowner Comments on Densified Fuels

Stove Type: | Earth 101 conventional Stove
Home Code: KF07
Homeowner’'s Name: Stout

Please note below any observations you have made while burning the three fuel
types. Also please compare burning densified logs to burning your normal
cordwood.

Eco-Logs seemed to last longer and we liked burning them better than the pine. Densified logs
are much easier, lighter, less cumbersome, and tidier than cordwood. It is, however, harder to
start a fire with them. Eco-Logs are easier to control the temperature with and burn nice and
hot.

Advantages: Pres-to-Logs are more convenient, easier to handle. More burn time per log, better
coaling, longer burning, higher temperatures, keep house warmer, seem more efficient.

Disadvantages: Back puffing if damped down, hard starting, slower heating when first started.
(Takes longer to heat house when first started.) Not as flashy as cordwood.

Stove Type: Earth 101 conventional stove
Stove Code: KF08
Homeowner’'s Name: Goodrich

Please note below any observations you have made while burning the three fue!
types. Also please compare burning densified logs to burning your normal
cordwood.

The Pres-to-Logs are much easier to handle & less messy than wood (bark). It took three Pres-
to-Logs to produce proper room heat compared to loading stove to full capacity with wood.

We prefer the Pres-to-Logs to Eco-Logs. Eco-Logs were difficult to start. There didn’t seem
to be a difference in temperature between the two densified logs.




Homeowner Comments on Densified Fuels

Stove Type: Locally built small conventional stove
Home Code: KF09
Homeowner’s Name: Epperly

Please note below any observations you have made while burning the three fuel
types. Also please compare burning densified logs to burning your normal
cordwood.

Pres-to-Logs burned hotter and seemed to be harder to start a fire with. Eco-Logs still burned
hot but not as hot as Pres-to-Logs. The Eco-Logs were easier to control temperature with
because they didn’t burn as hot. Personally, if I were buying densified logs to heat my home,
I would buy some of each to balance out the effects of each type.






