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Department of Energy Wood Heater R&D Funding 
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FY23 Appropriations Bill

The agreement provides up to $5,000,000 for 

continued support of the development and 

testing of new domestic manufactured low-

emission, high-efficiency, residential wood 

heaters that supply easily accessed and 

affordable renewable energy and have the 

potential to reduce the national costs 

associated with thermal energy.

Competitive funding opportunity 

announcements (FOA) and National 

Laboratories

• DE-FOA-0002029: FY19 BETO Multi-Topic 

Funding Opportunity Announcement

• DE-FOA-0002203 - FY20 Bioenergy 

Technologies FOA

• DE-FOA-0002396 – FY21 BETO Scale-up and 

Conversion FOA 

• Brookhaven National Lab and Lawrence 

Berkeley Lab
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Project Goal

Support innovation of new wood heaters through development and demonstration 

of low-cost measurement tools and simplified test protocol(s) that help harmonize 

lab and in-situ performance evaluations

Project Objectives

Identify challenges and opportunities with innovating wood heaters

Support the community with R&D needs

Determine gaps and improvements with current test methods

Assist community with bridging in-situ and laboratory performance



Identify challenges and opportunities: Wood Heater Workshop

Three Workshops in 2022

• Advances in wood heater design and technology

• Advances in instrumentation used for wood heater 

testing and field data collection 

• Adoption of new wood heater technology and 
integration with other renewables

Major Takeaways

• Field data with time-resolved particulate 

measurement to better understand user behavior 

and its impact on wood heater performance

• Affordable, portable, and accurate dilution system 
for in-situ emissions measurements that can be 

translated to laboratory dilution tunnel tests

• Automation through sensors and controls to help 

optimize combustion and reduce combustion 

variability

• Computational modeling tools that predict 

performance and emissions to reduce R&D time

• Post-combustion technologies capable of 

reducing start-up emissions and poor-user 

practices
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Support the community with R&D needs
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Determining gaps and improvements with current test methods

Literature Review:

• Multiple test standards used for certification of 

wood heaters evaluating wood heaters in 

laboratories

• No official standard for field testing wood heaters

• Test standards reviewed include US, Canada, 

Europe, Australia, New Zealand, and China

• Full publication available in “Renewable and 

Sustainable Energy Reviews” 

(https://doi.org/10.1016/j.rser.2023.113501)
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https://doi.org/10.1016/j.rser.2023.113501


Pain points and gaps when transitioning to in-situ testing

1. Dilution tunnel is big, cumbersome, and complicated

2. Gravimetric PM provides a single, test-integrated 

measurement that does not capture transient 

emissions

3. Flue gas flowrate may be too low to measure 

accurately; calculated flowrate requires burn-rate 

which may not be measurable

4. Standard lab test cycles do not represent actual 

heater operation and do not include transient phases 

(e.g., startup, shutdown)

5. Standard lab equipment may be outdated and result 

in unnecessary complications
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4. Summary of Test Method

4.1 The total flue-gas exhaust from a solid fuel burning

appliance is collected along with ambient dilution air with a

collection hood. Duplicate sampling trains are used to extract

gas samples from the dilution tunnel for determination of

particulate matter concentrations. Each sample train has two

glass fiber filters in series. The samples are withdrawn at a

consistently proportional rate from sampling points located at

the centroid of a sampling tunnel. During sampling, the filters

are maintained at a temperature less than 32 °C (90 °F). The

mass of the sampled particulate matter is determined gravi-

metrically after the removal of uncombined water. The total

particulate matter mass collected on the filters and in the probe

and front filter housing are multiplied by the ratio of the

dilution tunnel flow to sample flow to determine the total

particulate emissions during a test.

4.2 The sampling system for this test method consists of

duplicate dual-filter dry sampling trains. Both of the particulate

sampling trains are operated simultaneously at a sample flow

rate not to exceed 0.007 m3/min (0.25 cfm ⁄min). The total

particulate results obtained from the two sampling trains are

averaged to determine the particulate emissions and are com-

pared as a quality control check on the data validity.

4.3 The particulate concentration results for each sampling

train is adjusted by the particulate concentration result from a

single room air sample blank collected and processed the same

as the dilution tunnel particulate sampling trains described in

4.2, except that only one filter is used in the sampling train. A

metering system as described in 6.1.1.4 shall be used to

determine the volume of room air collected. The sample flow

rate shall not exceed 0.007 m3/min (0.25 cfm).

4.4 Appliances tested by this test method are to be fueled

and operated as specified in appliance-specific test methods

such as, but not limited to, Test Methods E2558, E2618,

E2779, E2780, or E2817.

5. Safety

5.1 Disclaimer—This test method may involve hazardous

materials, operations, and equipment. This test method may not

address all of the safety problems associated with its use. It is

the responsibility of the user of this test method to establish

appropriate safety and health practices and to determine the

applicability of regulatory limitations prior to performing this

test method.

6. Equipment and Supplies

6.1 Sample Collection—The following equipment is re-

quired for sample collection:

6.1.1 Particulate Sampling Train—Two separate, complete

particulate sampling trains (also referred to as “sampling

trains”) are required for each test run. The filter face velocity

shall not exceed 150 mm/sec (30 ft/min) during the test run.

The dry gas meter shall be calibrated for the same flow rate

range as encountered during the test runs. The sampling train

configuration is shown in Fig. 1 and consists of the following

components.

6.1.1.1 Filter Holder Assembly—The filter holder assembly

is shown in Fig. 2 and consists of the following components:

(1) Filter Holders—The primary (front) filter holder shall

be aluminum or PTFE.6 The backup (rear) filter holder may be

made of materials such as polycarbonate.7 With such plastic

materials, it is recommended not to use solvents when cleaning

the filter holder parts. Mild soap and distilled water can be used

for cleaning plastic filter holder parts. The two filter holders

6 The Pall (Gelman) 1235 filter holder has been found suitable for this purpose.

If you are aware of alternative suppliers, please provide this information to ASTM

International Headquarters. Your comments will receive careful consideration at a

meeting of the responsible technical committee,1 which you may attend.
7 The Pall (Gelman) 1119 filter holder has been found suitable for this purpose.

If you are aware of alternative suppliers, please provide this information to ASTM

International Headquarters. Your comments will receive careful consideration at a

meeting of the responsible technical committee,1 which you may attend.

FIG. 1Particulate Sampling Train

E2515−11 (2017)
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Overcoming challenges with in-situ testing

• Sample emissions from the flue and 

dilute sample prior to instrument 

measurement

• Use an affordable and portable system 

for monitoring real-time emissions

• Measure exhaust flow rate directly in the 

flue (s-type pitot tube or hotwire 

anemometer)

• Harmonized test protocols and 

instrumentation needed to compare lab 

and field measurements and identify 

sources of uncertainty
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Assist community with bridging in-situ and lab performance

• In-situ testing Nov 2023

– Portola, CA

– North Greenbush, NY

– Rochester, NY

• Room and central wood heaters

• Purpose
– Demonstrate robust, affordable, and 

portable system for monitoring real-time 

emissions in lab and homes

– Identify challenges and opportunities 

with correlating in-situ and lab 

performance
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Portola, CA

North Greenbush, NY

Rochester, NY



Identify challenges and opportunities with 
innovating wood heaters

Determine gaps and improvements with 
current test methods

Support the community with R&D needs

Assist community with bridging in-situ and 
laboratory performance

Questions?
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4. Summary of Test Method

4.1 The total flue-gas exhaust from a solid fuel burning

appliance is collected along with ambient dilution air with a

collection hood. Duplicate sampling trains are used to extract

gas samples from the dilution tunnel for determination of

particulate matter concentrations. Each sample train has two

glass fiber filters in series. The samples are withdrawn at a

consistently proportional rate from sampling points located at

the centroid of a sampling tunnel. During sampling, the filters

are maintained at a temperature less than 32 °C (90 °F). The

mass of the sampled particulate matter is determined gravi-

metrically after the removal of uncombined water. The total

particulate matter mass collected on the filters and in the probe

and front filter housing are multiplied by the ratio of the

dilution tunnel flow to sample flow to determine the total

particulate emissions during a test.

4.2 The sampling system for this test method consists of

duplicate dual-filter dry sampling trains. Both of the particulate

sampling trains are operated simultaneously at a sample flow

rate not to exceed 0.007 m3/min (0.25 cfm ⁄min). The total

particulate results obtained from the two sampling trains are

averaged to determine the particulate emissions and are com-

pared as a quality control check on the data validity.

4.3 The particulate concentration results for each sampling

train is adjusted by the particulate concentration result from a

single room air sample blank collected and processed the same

as the dilution tunnel particulate sampling trains described in

4.2, except that only one filter is used in the sampling train. A

metering system as described in 6.1.1.4 shall be used to

determine the volume of room air collected. The sample flow

rate shall not exceed 0.007 m3/min (0.25 cfm).

4.4 Appliances tested by this test method are to be fueled

and operated as specified in appliance-specific test methods

such as, but not limited to, Test Methods E2558, E2618,

E2779, E2780, or E2817.

5. Safety

5.1 Disclaimer—This test method may involve hazardous

materials, operations, and equipment. This test method may not

address all of the safety problems associated with its use. It is

the responsibility of the user of this test method to establish

appropriate safety and health practices and to determine the

applicability of regulatory limitations prior to performing this

test method.

6. Equipment and Supplies

6.1 Sample Collection—The following equipment is re-

quired for sample collection:

6.1.1 Particulate Sampling Train—Two separate, complete

particulate sampling trains (also referred to as “sampling

trains”) are required for each test run. The filter face velocity

shall not exceed 150 mm/sec (30 ft/min) during the test run.

The dry gas meter shall be calibrated for the same flow rate

range as encountered during the test runs. The sampling train

configuration is shown in Fig. 1 and consists of the following

components.

6.1.1.1 Filter Holder Assembly—The filter holder assembly

is shown in Fig. 2 and consists of the following components:

(1) Filter Holders—The primary (front) filter holder shall

be aluminum or PTFE.6 The backup (rear) filter holder may be

made of materials such as polycarbonate.7 With such plastic

materials, it is recommended not to use solvents when cleaning

the filter holder parts. Mild soap and distilled water can be used

for cleaning plastic filter holder parts. The two filter holders

6 The Pall (Gelman) 1235 filter holder has been found suitable for this purpose.

If you are aware of alternative suppliers, please provide this information to ASTM

International Headquarters. Your comments will receive careful consideration at a

meeting of the responsible technical committee,1 which you may attend.
7 The Pall (Gelman) 1119 filter holder has been found suitable for this purpose.

If you are aware of alternative suppliers, please provide this information to ASTM

International Headquarters. Your comments will receive careful consideration at a

meeting of the responsible technical committee,1 which you may attend.

FIG. 1Particulate Sampling Train

E2515−11 (2017)
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Literature Review: Summary of standardized wood heater 

test methods used for certification 
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Standard 

Designation 

(Country of 

Origin)

Fuel

Emissions Measurement
Overall 

Efficiency 

Determination*

Test cycle
Regulated 

Performanc

e Metric

Pollutants 

Monitored

Emissions 

Sampling Method
Pretest Burn Rates

# of required

Burn Cycles per 

Burn Rate

Burn Cycle End 

Criteria

EPA Method 28R    

(United States)

Crib 

wood per 

ASTM 

E2780-10 

with 

exception

s

PM per ASTM 

E2515-11 with 

modifications

CO per CSA 

B415.1-10

Dilution tunnel per 

ASTM E2515-11 

Indirect per CSA 

B415.1-10

Establish bed of 

embers within 

prescribed fuel weight 

limit; operate

≥ 1 h with controls set 

to first burn rate test

1. Maximum: Fully 

open controls

2. 1.25 to 1.90 kg/h

3. 0.8 to 1.25 kg/h

4. < 0.8 kg/h

1 ≥ 2 h operation & 

remaining weight of 

test fuel is 0.00 kg 

(0.0 lbs) or less for 30 

seconds

g of PM

per h

ASTM E2779-10        

(United States)

Pellets PM per ASTM 

E2515-11 with 

modifications

Dilution Tunnel

per ASTM E2515-

11

Indirect per CSA 

B415.1-10

≥ 1 h operation at max 

burn rate

1. Max achievable

2. ≤ 50% of max

3. Minimum 

achievable

1 1. Max: 60 min

2. Med: 120 min

3. Min: 180 min

g of PM

per h

EPA ALT-140

(United States)

Cordwood PM per ASTM 

E2515-11

CO, CO2

Dilution Tunnel

per ASTM E2515-

11

Indirect None stated 1. Start-up

2. High

3. Maintenance

4. Low

3 1. Specified by 

fuel load 

calculator

2. 90% test fuel 

burned

3. 90% test fuel 

burned

4. 90% test fuel 

burned

g of PM

per h
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Standard 

Designation 

(Country of 

Origin)

Fuel

Emissions Measurement
Overall 

Efficiency 

Determination*

Test cycle
Regulated 

Performanc

e Metric

Pollutants 

Monitored

Emissions 

Sampling Method
Pretest Burn Rates

# of required

Burn Cycles per 

Burn Rate

Burn Cycle End 

Criteria

EN 16510-1:2022      

(European Union)

All solid 

fuels 

PM, CO, CO2, 

O2, NOx, OGC

Flue Indirect ≥ 1 h at a burn rate of 

nominal output or 33 

±5% for wood logs 

and 25 ± 5% for peat, 

lignite or briquettes 

during slow 

combustion and 

recovery tests

1. Nominal (≥ 95% 

of rated value)

2. Partial load that 

is a function of 

nominal

3. Slow combustion 

(specified by 

manufacturer)

3 for wood-based 

fuels

2 for all other fuels

Cordwood – test fuel 

is exhausted or CO2 

criteria met

Pellets - minimum 

cycle duration

PM, CO,         

NOx, and 

OGC in 

mg/m3 and 

efficiency** 

AS/NZS 4012-

2014

&

AS/NZS 4013-

2014 

(Australia/NZ)

Cordwood 

& Coal

PM

(CO Optional)

Dilution Tunnel 

per AS/NZS4013

Direct Operate at mean 

average power to 

establish bed of 

embers within 

prescribed fuel weight 

limit

1. High: Fully open

2. Low: Minimum 

setting 

3. Medium: 

midpoint of high 

and low burn 

time or set using 

controls

3 ±0.5% of test fuel 

remains

g of PM               

per kg of 

fuel burned

and

efficiency

PD 6434:1969

& BS 3841-2:1994

(United Kingdom)

Solid 

fuels 

PM

CO, CO2,  O2, 

VOC, and OGC 

recommended 

using EN or 

ISO standards

Dilution Tunnel or 

electro-static 

precipitator per BS 

3841-2:1994

Only heat output 

required per 

Domestic Solid 

Fuel Appliances

Approved 

Council

Operate heater to 

achieve steady-state 

conditions. Ignition 

emissions are ignored.

1. Rated output

2. Minimum output 

3. Intermediate 

output if 

available

5 Sufficient to establish 

the effects, on smoke 

emission, of 

accumulations of 

soot, shale or ash 

within the appliance 

if these can occur.

g of PM               

per h

NS 3058-1:1994 & 

NS 3058-2:1994 

(Norway)

Crib 

wood

PM Dilution Tunnel 

per NS3058-

2:1994

None specified ≥ 1 h operation at first 

burn rate settings. 

weight of charcoal bed 

must be 20 to 25% of 

first burn rate fuel 

charge

Four burn rate 

categories that depend 

on heater grade

1 Scale indicates burn 

cycle fuel is 

completely consumed

g of PM

per h



Types of fuel

Firewood Heaters

o Crib: Standard lumber and wood spacers 

nailed into a prescribed configuration defined 

by firebox volume and loading density

o Cordwood: Firewood

Rapp, Trojanowski, & Butcher 15

Pellet Heaters

o Pellets: Loaded according to manufacturer’s 

instructions

o Pellet grade or type may be specified in 
standard (lowest possible grade typically 

preferred)

Sept 27, 2023



Test measurement requirements

Emissions

o All standards require Particulate Matter (PM) 

mass emission measurements

o Some standards require gaseous emission 

measurements

Rapp, Trojanowski, & Butcher 16

Performance

o Some standards provide methods to evaluate 

heater performance:

• Thermal efficiency

• Combustion efficiency 

Sept 27, 2023

Particulate Matter:

• Organic: Soot, VOCs, PAH, etc.

• Inorganic: Alkali salts and ash 

Gases: CO2,CO,NOx,OGC

Fuel

Heat Delivered

L
o

s
s
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The test cycle is depicted in Table 1 together with operational mode, load level and duration of 

each phase.  

Table 1: Scheme of load cycle of the beReal method for pellet stoves and operational mode, load level and 

duration of the load cycle 

 
Phase 

Operational 
mode 

Load level Duration 

 

1a 
Cold start 

Nominal 
load: 100 % 

50 min 

1b Load 
change 

Partial load: 
30 % 

90 min 

S1 
Standby 0 % 40 min 

2 
Warm start 

Nominal 
load: 100 % 

50 min 

S2 
Standby 0 % 40 min 

3 
Warm start 

Partial load: 
65 % 

180 min 

 
  Ʃ: 7.5 h 

 

Several boundary conditions were precisely defined to secure a measurement procedure that is 

less prone to misuse and variable interpretation. 

Ʃ  Measurement section as given in Figure 4 

Ʃ  Flue gas temperature measured by centrally placed 

thermocouple. 

Ʃ  Flue gas velocity measured continuously. 

Ʃ  Continuous flue gas sampling during total 

measurement cycle.  

Ʃ  PM sampling: gravimetric out stack measurement of 

total PM emissions in hot undiluted flue gas, 

sampling volume flow proportional to flue gas 

volume flow.  

Ʃ  PM sampling period starts with starting the pellet 

stove and lasts until O2 content in the flue gas has 

reached 20 % after turning off the pellet stove after 

phases 1b, 2, and 3.  

Ʃ  Always the same evaluation period is considered for 

determining emissions and thermal efficiency.  

Ʃ  Calculation of average values by weighting the 

results derived in the single measurement phases 

according to their produced flue gas volumes.  

Ʃ  Duration of the respective phases 1a, 2 and 3 starts 

at a flue gas CO concentration of 10 ppm. 

 

Figure 4: Sketch of the measurement 
section as considered for beReal 
method 

Measuring emissions

Dilution Tunnel

Rapp, Trojanowski, & Butcher 17

Direct from Flue

Sept 27, 2023

and to the nearest 0.025 mm (0.001 in.) water for ∆p values

less than 2.54 mm (0.10 in.) water.

6.1.6 Dilution Tunnel—The dilution tunnel apparatus is

shown in Fig. 3 and Fig. 4 and consists of the following

components:

6.1.6.1 Hood—Constructed of steel. Hood shall be large

enough to capture all of the flue-gas flow exiting the top of the

appliance chimney. The dilution tunnel hood shall be conical

with a minimum diameter at the entrance of at least four times

the tunnel diameter. The height of the conical section shall be

at least three tunnel diameters. A skirt can be used around the

inlet to the conical section to insure capture of the flue-gas

exhaust as shown in 9.2.4 as long as the requirements of 9.2.3

are met. The outlet of the conical section shall be sized to mate

with the mixing section of the dilution tunnel. (See Fig. 3 and

Fig. 4.)

6.1.6.2 90° Elbows—Steel 90° elbows should be used for

connecting mixing section, the sampling section, and the

optional damper assembly. There shall be at least two 90°

elbows upstream of the sampling section. (See Fig. 3 and Fig.

4.) The last elbow before the sampling section begins shall be

of the same diameter as the sampling section straight ducting.

6.1.6.3 Straight Duct—Straight sections of steel ducting

shall be used to construct both the mixing section and sampling

section of the dilution tunnel apparatus. The mixing section is

considered to be the ducting that is upstream of the last elbow

before the sampling section begins. The mixing section and

sampling section may be different diameters, but the sampling

section shall have a consistent diameter over the its full length.

(See Fig. 4.) Two velocity traverse ports shall be located at

least eight tunnel diameters downstream of the last flow

disturbance (for example, a 90° elbow) and positioned at 90° to

each other in the dilution tunnel sampling section. These

velocity traverse points shall be of sufficient size to allow entry

of the standard Pitot tube but shall not exceed 12.7 mm (0.5 in.)

diameter. Two particulate sample extraction ports shall be

located at least four tunnel diameters downstream of the

velocity traverse ports and at least two tunnel diameters

upstream from the next downstream flow disturbance. These

sample extraction ports shall be of sufficient size to allow entry

of the sampling probes. The total length of duct from the center

of the outlet of the hood to the sampling ports shall not exceed

9.1 m (30 ft). (See Fig. 3.)

6.1.6.4 Blower—Squirrel cage or other type of fan capable

of gathering and moving all flue-gases and entrained dilution

air from the dilution tunnel extraction hood to the dilution

tunnel exhaust having sufficient flow to maintain dilution rate

specifications in Section 9. (See 9.2.)

6.1.7 Test Facility Temperature Monitor—A thermocouple

capable of measuring with an accuracy of 2.2 °C (4.0 °F) or

0.75 % of the reading, which ever is greater, located centrally

in a vertically oriented 150 mm (6 in.) long, 50 mm (2 in.)

diameter pipe shield that is open at both ends. Must meet the

calibration requirements specified in 8.2.

6.1.8 Anemometer—Device capable of detecting air veloci-

ties less than 0.10 m/sec (20 ft/min) and used for measuring air

velocities in the test facility near the test appliance.

6.2 Sample Analysis—The following items are required for

sample analysis:

6.2.1 Desiccator—Any airtight cabinet or other container

containing desiccant to remove moisture from the probes, front

filter housings, filters, and filter gaskets prior to and after

testing;

FIG. 3 Steel-Constructed Dilution Tunnel Apparatus

E2515 − 11 (2017)
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Measuring thermal efficiency

Direct: Insulated calorimeter room

Rapp, Trojanowski, & Butcher 18

Indirect: 

Calculated using:

o fuel mass and properties

o flue temperature and gas concentrations

o ambient air temperature

Sept 27, 2023
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2 Testing of appliances 

2.1 Overview of existing test standards 

In the following chapter an overview of existing International and European standards for type 

testing of firewood stoves is presented. The findings are based on reviewing the standards itself or 

reviewing available literature about the standards. 

In detail, the research focused on following parameters: 

Ʃ Fuel characteristics (e.g. fuel species, fuel dimensions, moisture content of fuel) 

Ʃ Operating conditions (e.g. draught conditions, room temperatures) 

Ʃ Testing procedure (e.g. fuel loads, fuel charge, burn rates) 

Ʃ Measurement methods evaluating emissions and efficiency (e.g. PM measurement, thermal 

efficiency determination) 

2.1.1 International draft/DIS 13336 

For this international draft [6] a comparative study was done in 1999 by GAEGAUF & MACQUAT [7]. 

In the frame of this study the ISO/DIS 13336 was compared with the CEN/prEN 13240:1998. 

Therefore, the test facility was established according to the ISO/DIS 13336 standard using a 

calorimeter room and a full flow dilution tunnel for efficiency and emission determination. 

Additionally, a measurement section for emission and efficiency determination according to the prEN 

13240 standard was integrated in the test facility. Figure 2 presents the test facility according to 

ISO/DIS 13336 standard. 

 

Figure 2: Test facility according to the draft version of ISO/DIS 13336 standard.  

Source: GAEGAUF & MARCQUAT [7] 

(ISO/DIS 13336)

𝐸𝑜𝑢𝑡 = 𝑚𝑎𝑖𝑟𝐶𝑝 𝑇𝑜𝑢𝑡− 𝑇𝑖𝑛

𝐸𝑖𝑛 = 𝑚𝑓𝑢𝑒𝑙,𝑑𝑏𝐿𝐻𝑉

𝜂 = 100 ×
𝐸𝑜𝑢𝑡
𝐸𝑖𝑛

𝜂 = 100 ×
𝐸𝑜𝑢𝑡
𝐸𝑖𝑛

= 100 ×
(𝐸𝑖𝑛 − 𝐸𝑙𝑜𝑠𝑠)

𝐸𝑖𝑛

𝐸𝑙𝑜𝑠𝑠 = 𝐸𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 + 𝐸𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒+ 𝐸𝑙𝑎𝑡𝑒𝑛𝑡

𝐸𝑖𝑛 = 𝐸𝑜𝑢𝑡+ 𝐸𝑙𝑜𝑠𝑠

Energy Conservation:

Thermal Efficiency:

Energy Loss Mechanisms: Fuel

Heat Delivered
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