Advanced Construction,
Thermodynamics, and Evaluation of
Biomass Rocket Mass Heaters and

Multi-Burner Cookstoves
Introduction to Advanced Biomass Combustion

The global reliance on foraged solid biomass for residential heating and cooking poses
significant engineering, environmental, and epidemiological challenges. Traditional open fires
and rudimentary stoves suffer from profoundly inefficient combustion and poor heat transfer
mechanisms, leading to excessive fuel consumption and the emission of hazardous pollutants,
notably carbon monoxide (CO) and fine particulate matter (PM2.5)". To mitigate these
detriments, the development of high-efficiency biomass combustion systems—specifically the
rocket mass heater (RMH) for space heating and the multi-burner rocket stove for domestic
and institutional cooking—has emerged as a critical field of thermochemical engineering.
Rooted in principles of fluid dynamics, thermodynamics, and refractory materials science,
rocket combustion architecture optimizes the physical environment required for the complete
oxidation of woodgas volatiles. By manipulating the "Three Ts" of combustion—Time,
Temperature, and Turbulence—these systems achieve near-complete combustion of
sustainably foraged biomass®. The defining characteristics of a rocket system include an
insulated vertical heat riser that drives a powerful internal draft (thermosiphoning), precise
proportional dimensions that maintain high gas velocities, and targeted secondary air injection
to facilitate the oxidation of complex hydrocarbons®.

This report provides an exhaustive analysis of the design, construction, and thermodynamic
mechanics of traditional rocket mass heaters and multi-burner rocket stoves. The analysis
delineates the physical construction of traditional J-tube cores, the transition to optimized
batch-box architectures, the thermophysical properties of earthen thermal mass, the fluid
dynamics of convective heat transfer in cooking applications, and the rigorous evaluation of
these systems under ISO 19867-1 and European BImSchV testing protocols.

Sustainable Biomass Fuel and Moisture Dynamics

The foundational assumption of high-efficiency rocket combustion is the utilization of
sustainably foraged biomass. The thermodynamic efficiency of these systems is intrinsically
linked to the physical and chemical properties of the fuel, specifically its diameter, density, and
moisture content.

The removal and utilization of small-diameter biomass from fast-growing species or forest
thinning operations play a critical role in global carbon sequestration and fire risk reduction,
particularly in the wildland-urban interfaces of the western United States and comparable
ecosystems globally'. Utilizing small-diameter stick wood (typically under 2 to 3 inches in



diameter) aligns perfectly with the operational requirements of rocket stoves, which require
fuel with a high surface-area-to-volume ratio to ensure rapid devolatilization and active flaming
combustion®. The rapid combustion of small-diameter wood generates the immediate, intense
heat required to drive the internal draft and sustain the thermosiphon effect'.

However, the efficacy of this fuel is entirely dependent on its moisture content. When burning
green or wet wood, a significant portion of the combustion energy is consumed by the latent
heat of vaporization required to drive off the moisture before pyrolysis can begin". This energy
sink drastically lowers the temperature of the combustion chamber, slowing the kinetic rates of

the chemical reactions that convert CO to carbon dioxide (OO2 ). This phenomenon has
profound implications for the Modified Combustion Efficiency (MCE) of the system. In
high-moisture fuel scenarios, the localized cooling within the core effectively doubles or triples
the emission factors of CO and PM2.5 per megajoule of delivered energy (MJd), pushing the
system out of clean-burning operation and resulting in toxic, smoldering fires''. Consequently,
the utilization of dry, seasoned biomass—ideally maintained below 20% moisture content—is a
non-negotiable prerequisite for maintaining the thermodynamic integrity of the rocket
combustion cycle and preventing hazardous creosote condensation'.

Thermodynamics of Rocket Combustion

The fundamental objective of rocket stove architecture is to establish an environment where
solid biomass undergoes primary pyrolysis, and the resultant volatile gases are subjected to a
secondary, high-temperature combustion phase before any thermal energy is extracted from
the system. This process is highly dependent on controlling the chemical equilibria of the
combustion gases through precise geometric design.

The Boudouard Reaction and Carbon Oxidation
In the primary combustion zone, solid carbon (char) reacts with oxygen and carbon dioxide. At

elevated temperatures, the system's chemistry is heavily influenced by the Boudouard reaction,
an endothermic equilibrium reaction expressed as:

Clo) + COyg) = 200
The equilibrium of the Boudouard reaction is highly temperature-dependent. At lower

temperatures, the reaction favors the formation of carbon dioxide ( O2 ). However, as the
core temperature of a high-performance rocket stove surpasses 700°C to 1000°C, the
equilibrium shifts dramatically to the right, heavily favoring the production of carbon monoxide
(CO)™. While the generation of CO represents a loss of potential thermal energy and a severe
inhalation hazard if exhausted to the atmosphere, a well-designed rocket system utilizes this
phenomenon to its advantage'®. By promoting the Boudouard reaction in the primary fuel bed,
the stove generates a rich, highly combustible stream of woodgas.

To harvest this energy, the system must subsequently introduce secondary air (oxygen) into a
highly turbulent, insulated environment—the heat riser—where the CO and other volatile

0,

organic compounds (VOCs) can undergo complete exothermic oxidation into and water



vapor prior to thermal extraction'".

Modified Combustion Efficiency (MCE)

The efficacy of this secondary oxidation is quantified using the Modified Combustion Efficiency
(MCE) metric. MCE serves as a highly reliable surrogate for overall combustion efficiency and is
defined as the molecular ratio of carbon dioxide to the sum of carbon dioxide and carbon
monoxide in the exhaust stream?°:

_ _CO
MCE = CO,+CO

High-performance rocket systems routinely achieve MCE values exceeding 96% to 98%"".
Attaining such high MCE requires that the volatile gases remain within the insulated combustion
zone long enough for the oxidation reactions to reach completion. If the gases are cooled by
premature exposure to a heat extraction surface (such as a cooking pot or a thermal mass
bench) before the reaction concludes, the flame is quenched, resulting in high levels of
unburned CO, elemental carbon (EC), and organic carbon (OC) emissions®.

Construction of the Traditional J-Tube Rocket Mass
Heater

The traditional Rocket Mass Heater utilizes a "J-tube" configuration, named for its internal
geometry consisting of a downward-feeding fuel magazine, a horizontal burn tunnel, and an
insulated vertical heat riser®. The construction of this core requires adherence to strict
dimensional ratios and meticulous masonry techniques to ensure an airtight, highly insulated
flame path.

Dimensional Proportions and Cross-Sectional Area

The guiding principle of J-tube construction is the maintenance of a constant cross-sectional
area (CSA) throughout the system®. If the CSA fluctuates, it introduces localized pressure
drops, turbulent eddies, and flow restrictions that cripple the system's gravity-driven natural
draft?®. The proportional relationships in a J-tube are strictly maintained. Measuring from the
centerlines of the respective openings, the optimal length ratio for the feed tube, burn tunnel,
and heat riser is historically calculated as 1:2:4, moving downstream?.

For a standard 6-inch (150 mm) internal diameter system, this translates to a burn tunnel that is
kept as short as practically possible to prevent premature conductive heat loss into the floor,
directly feeding into a riser that is at least twice the length of the burn tunnel®’. The fuel is
gravity-fed vertically into the feed tube, which restricts the active fire to the lowest tips of the
sticks, creating a highly localized, intense combustion zone that self-meters the fuel®.
Physical Construction Mechanics

The physical construction of the J-tube core typically employs standard firebricks assembled
using a specialized earthen mortar. Unlike Portland cement, which degrades and crumbles
under extreme thermal cycling, the mortar used in RMH combustion cores consists of pure clay
and very fine sand, typically mixed in a 1:1 ratio®. The firebricks are laid with extremely tight
joints (approximately 1/16 of an inch) to minimize heat leakage and prevent the ingress of
parasitic ambient air, which would cool the combustion gases®.



Once the internal J-shape is constructed, the vertical heat riser must be insulated. This is
generally achieved by placing a cylindrical metal sleeve (such as an old water heater tank or
heavy-gauge ducting) around the exterior of the firebrick riser, leaving a concentric annular
gap™®. This gap is densely packed with a lightweight, low-density, high-temperature insulating
aggregate, such as expanded perlite or exfoliated vermiculite”. This insulation is the most
critical feature of the rocket mechanism; it traps the thermal energy within the riser, elevating
the internal temperature to the 1000°C to 1200°C required to drive the secondary combustion
of woodgas and generate the powerful upward convective draft’.

Following the construction of the insulated riser, a steel radiator—typically a standard 55-gallon
steel drum—is inverted over the riser, creating an approximately 2-inch gap between the top of
the internal riser and the inner ceiling of the drum*°. As the 1000°C gases exit the riser, they
strike the top of the barrel, instantly transferring a substantial portion of their sensible heat to
the steel, which subsequently radiates it into the room as immediate space heating®. The
cooling gases then plunge down the annular space between the insulated riser and the outer
steel barrel, collecting in a manifold at the base before being directed horizontally into the
thermal mass bench®.

Advanced Batch Box Architecture

While the J-tube excels in simplicity and clean combustion, it requires constant tending due to
the small, gravity-fed magazine. To address this limitation, thermodynamicist Peter van den
Berg developed the "Batch Box" rocket core. The Batch Box allows for a full horizontal loading
of cordwood, fundamentally altering the user experience while maintaining, and often
exceeding, the clean-burning properties of the J-tube mechanism®*.

Dimensional Scaling and the Venturi Port
The architecture of the Batch Box relies on a highly precise dimensional scaling system based

on the diameter (D) of the vertical heat riser. A fundamental scaling unit, designated as the

"Base" (B ), is calculated as 72.34% of the desired riser diameter®. All subsequent dimensions
within the combustion chamber are mathematically derived from this Base unit to guarantee
optimal stoichiometry and fluid velocity across different system sizes (from 4-inch
micro-stoves to massive 10-inch institutional heaters)®.

Core Parameter Mathematical Formula Physical Function in the
(Based on Base Unit B) Combustion Cycle
— The foundational geometric
Base Unit (B) B = 0.7234 x 9

metric, directly scaled from
the exhaust riser diameter (

D )%,



Firebox Width

Firebox Height

Firebox Depth

Port Width

Port Height

Riser Height

Dep = 4 x
9.9 X

Ry, =

0.5 x

2.2 x

8 x

to

to

10 x

Provides adequate lateral
space for cross-stacking
horizontal fuel loads*.

Allows sufficient vertical
clearance for flame
expansion, volatile mixing,
and thermal radiation
reflection.

Defines the total volumetric
capacity of the batch load.
Extended depths
accommodate longer
cordwood without altering
internal draft physics“.

Forms the narrowest
horizontal constriction,
establishing a venturi effect
into the riser®.

The vertical opening
connecting the primary
firebox to the secondary
heat riser®.

The insulated vertical
chimney that acts as the
thermodynamic engine,
driving the thermosiphon
draft®.

Table 1: Dimensional scaling formulas for the Peterberg Batch Box combustion core, ensuring
constant aerodynamic proportions across varying system capacities*®.

The critical innovation of the Batch Box is the "port," a narrow vertical slit located at the rear of
the firebox that acts as a venturi®®. The floor of the firebox features 45-degree chamfered
edges that concentrate the glowing charcoals into the center channel leading to this port®. As
the expanding, burning woodgas is forced through this severe geometric restriction, its
velocity increases dramatically. As it exits the port and enters the wider heat riser, the sudden
pressure drop induces a violent, high-turbulence "double ram's horn" vortex®*. This vortex
violently shears the unburned VOCs, mixing them intimately with available oxygen within the



highly insulated environment of the heat riser, ensuring complete oxidation®.

Secondary Air Injection: P-Channel and Floor Channel

To guarantee complete combustion—especially of the CO generated by the Boudouard
reaction—secondary air must be introduced directly into the turbulent vortex at the port*®. This
secondary air must be pre-heated; introducing ambient cold air would quench the flame,
abruptly halting the chemical oxidation process and generating massive spikes in particulate
emissions.

Two primary mechanisms are employed in modern batch box designs to deliver this secondary
air:

1. The P-Channel (Peter-Channel): A shallow, rectangular steel duct routed horizontally
along the ceiling of the firebox. It overhangs slightly past the top edge of the port®. As
the primary fire burns, it radiatively heats the steel channel, pre-heating the air flowing
within it. The channel delivers a descending sheet of superheated secondary air directly
into the top of the port's vortex. Fluid dynamic calculations dictate that the
cross-sectional area of the P-channel's intake must equal exactly 5% of the heat riser's
total CSA to prevent over-dilution of the exhaust stream?®.

2. The Floor Channel (Walker Pre-Port): A subsequent modification where the secondary
air duct is buried within the floor of the firebox, exiting upward at the base of the port*.
Injecting air from the floor encounters different aerodynamic drag and density gradients;
thus, the floor channel typically requires a slightly larger intake—up to 150% of the
equivalent P-channel CSA—to achieve the same volumetric flow rate*®. Floor channels
offer superior longevity, as they are shielded from the most intense radiant heat of the
primary combustion zone, whereas ceiling-mounted P-channels are highly prone to
thermal degradation and require frequent replacement®.

Refractory Materials and Structural Integrity

The survival and efficacy of any rocket combustion core depend entirely on the rigorous
selection of appropriate refractory materials. Temperatures inside the insulated heat riser of a
batch box routinely exceed 1100°C (2000°F), subjecting the internal components to extreme
thermal shock, mechanical abrasion during fuel loading, and chemical attack from corrosive,
basic wood ash slags®.

Standard fire clay bricks, composed primarily of clay and silica with an alumina (Al2 03)
content of 25% to 45%, are adequate for moderate applications such as traditional open
fireplaces”. However, in the high-stress environment of a batch-loaded RMH, fireclay bricks
are highly susceptible to spalling—a failure mode where the surface of the brick flakes and
cracks under rapid thermal cycling®’.

For high-performance, long-lasting systems, high-alumina refractory bricks are strictly
required®.

Material Standard Fire Clay High-Alumina Impact on Rocket



Characteristic

Alumina (Al2 03)

Content

Maximum
Operating
Temperature

Abrasion and
Mechanical
Strength

Thermal Shock
Resistance

Brick

25% to 45%

1400°C to 1600°C

Moderate

Moderate (Prone to
spalling)

Refractory Brick

55% to 85%

>1750°C

Very High

High

Core Longevity

Higher alumina
drastically improves
resistance to
thermal shock and
chemical slagging®’.

Provides a critical
safety margin
during periods of
over-firing in the
heat riser”’.

Withstands the
impact of heavy
cordwood loading
in the Batch Box
magazine”®.

Prevents structural
cracking during the
rapid
heating/cooling
cycles typical of
batch operations®’.

Table 2: Comparative material science parameters between standard fire clay and high-alumina
refractory bricks in biomass combustion environments®’.
For metallic components—specifically the secondary air channels and cleanout
stubs—standard carbon steel (Schedule 40) is subject to rapid, severe oxidation and spauling,
typically requiring replacement every two to three heating seasons®’. To mitigate this,
advanced designs utilize Grade 310 or 316 stainless steel, which possess superior oxidation
resistance due to their chromium and nickel alloying elements, though even these materials will

eventually succumb to the extreme localized heat of the port vortex™.

Thermal Mass Construction: The Cob Bench and
Stratification Bells

Once the combustion gases exit the top of the heat riser and transfer their initial radiant heat to
the steel barrel, they enter the heat extraction phase. The defining characteristic of a Rocket
Mass Heater is its ability to capture the sensible heat of the exhaust gases and store itin a
massive, dense thermal battery—typically an earthen bench—which then slowly radiates it into



the living space over 12 to 24 hours®.

The Thermophysics of Cob

The heat extraction mechanism relies heavily on the specific heat capacity and thermal
conductivity of the surrounding mass. "Cob," a traditional monolithic composite of clay, sharp
sand, and straw fiber, is the globally preferred material due to its moldability, low embodied
energy, and excellent thermophysical profile®”.

The structural integrity and thermal performance of a cob bench depend on precise mixture
ratios. A standard mix utilizes approximately one part locally sourced clay to three or four parts
sharp river sand, adjusted empirically via "drop tests" to ensure the mixture does not
excessively crack or flatten under its own weight'®. Straw is incorporated incrementally,
providing tensile strength to bridge micro-cracks and form a cohesive monolithic structure'®.
However, in regions immediately adjacent to high-temperature ductwork, straw is omitted to
prevent smoldering®.

To understand the dynamic thermal response of a cob bench, engineers evaluate its volumetric
heat capacity (VHC) and thermal effusivity.

Thermophysical Property Typical Value for Dry Cob Physical Definition &
Relevance to RMH
Thermal Mass

Y 1,100 to 1,600 kg/m® High density allows for
Density (7) greater physical storage of
heat per cubic meter of
architectural space®.
Specific Heat Capacity ( ~837 to 891 J/kg-K The energy required to
Cp) raise 1 kg of cob by 1 Kelvin.

Dictates the total thermal
storage capacity of the
bench®.

k) ~0.6 W/m-K The rate at which heat
moves through the

k

material. A lower ™ means
the bench releases heat
slowly over many hours®*.

Thermal Conductivity (

Q

(k-p- The ability of the bench
surface to exchange heat
with the surrounding room.

Thermal Effusivity ()



Controls the perceived,
comfortable warmth to
human skin®8.

Table 3: Key thermophysical parameters governing heat storage, thermal lag, and radiant
distribution in earthen rocket mass heater benches®.

While water possesses a vastly superior specific heat capacity (4,186 J/kg-K) compared to
earthen materials, liquid thermal storage requires complex, failure-prone plumbing and is
susceptible to rapid convective heat loss®®. The solid, monolithic nature of a well-tamped cob
bench eliminates internal convective fluid currents, enforcing a strictly conductive transfer of
heat outward toward the room®. The relatively low thermal conductivity of cob (~0.6 W/m-K)
provides a deliberate "thermal lag." This lag allows a 2-hour high-intensity burn to charge the
core of the mass, which then takes 12 to 24 hours to diffuse outward to the surface,
maintaining a stable indoor temperature and preventing the violent temperature swings
associated with traditional metal woodstoves®.

Heat Extraction Architecture: Pipes vs. Bells
The transition of the exhaust gases through the thermal mass is accomplished through two
distinct architectural paradigms, reflecting a historical evolution in fluid dynamic thought:

1. Serpentine Piped Benches: The traditional RMH uses a long run of steel ducting (e.g.,
é-inch or 8-inch diameter) embedded directly within the cob mass®. The length of this
pipe is strictly limited by the frictional drag it imposes on the fluid flow. Every 90-degree
bend significantly increases the adiabatic loss coefficient®. If the pipe is too long, or
features too many tight elbows, the cumulative frictional resistance will overcome the
draft generated by the heat riser, leading to immediate back-puffing of toxic smoke into
the living space™.

2. Stratification Bells (Plenums): Advanced designs abandon the restrictive, high-friction
ducting in favor of a "bell" or stratification chamber®®. A bell is a large, un-piped masonry
void constructed of brick or split-barrels, covered with cob®. As the hot exhaust gases
enter the bell, they immediately expand and slow down. Because hot gas is less dense, it
stratifies at the ceiling of the bell, transferring its thermal energy via conduction into the
top masonry layer®. As the gas cools, it becomes denser, naturally sinking to the floor of
the bell where it exits into the exhaust chimney®“. This represents a shift from
high-friction forced-draft flow to low-friction buoyancy-driven flow.

The sizing of a stratification bell is highly precise and is governed by its Internal Surface Area
(ISA)®3. The floor of the bell is strictly excluded from the ISA calculation, as cooling gases do not
effectively transfer heat downward®®. For a standard é-inch (150 mm) batch box system, the
optimal ISA to ensure adequate heat extraction while maintaining sufficient draft is roughly 5.3
to 6.0 square meters (57 to 64 square feet)®°. An 8-inch (200 mm) system can drive a much
larger bell, with a maximum ISA of approximately 9.4 to 10.6 square meters®.

Exhaust Thermodynamics and Creosote Prevention



The ultimate limiting factor in the design of the heat extraction mass is the dew point of the
chemical volatiles in the exhaust stream. When biomass undergoes combustion, it releases
significant quantities of water vapor and vaporized hydrocarbon tars. If the exhaust gas
temperature is allowed to drop below 120°C (250°F) within the masonry channels, the bell, or
the final chimney stack, these vapors undergo a phase change, condensing onto the walls as
creosote®.

Creosote is a highly flammable, tar-like substance. In a slumbering or over-extracted system
(e.g., a bell with an oversized ISA), creosote accumulation accelerates rapidly, physically
choking the cross-sectional area of the flue and destroying the draft'. If a subsequent
high-temperature fire is lit, the exhaust can ignite this deposit, causing a catastrophic chimney
fire capable of reaching 2000°F (1093°C), which easily fractures clay flue liners and ignites
surrounding building structures'.

Therefore, RMH designers must walk a thermodynamic tightrope: ensuring that the ISA of the
bell or the length of the pipes extracts just enough heat to maximize system efficiency, while
strictly guaranteeing that the exhaust gases exit the building at a minimum of 120°C (250°F)".
Constant monitoring of the final exhaust temperature is a non-negotiable operational safety
requirement, often facilitated by flue-mounted thermometers’®. Furthermore, operators must
establish a fast, hot fire during the startup phase to rapidly push the entire flue system above
the 250°F condensation point, preventing cold-start creosote deposition’.

Multi-Burner Rocket Stove Construction for Indoor
Cooking

While the rocket mass heater optimizes heat storage for space heating, the multi-burner rocket
stove optimizes targeted heat transfer for cooking. Cooking with biomass poses unique
challenges, particularly in institutional settings or large domestic households, where extended
boiling, simmering, and the preparation of large volumes of food require sustained,
manageable high firepower”.

Architectural Adaptations for Multi-Pot Configurations

In a traditional three-stone fire, the combustion efficiency may be adequate if properly tended,
but the heat transfer efficiency is abysmal—often ranging from 10% to 15%—because the vast
majority of the convective heat escapes laterally into the ambient air before striking the pot®.
Modern multi-burner rocket stoves correct this by utilizing the insulated combustion chamber
to generate a highly pressurized, high-temperature gas stream, which is then forced into
extreme physical proximity with the cooking vessels.

In a multi-pot configuration, the hot exhaust gas from a single rocket combustion core is
channeled horizontally through a shallow manifold beneath a series of cast-iron or steel
cooking surfaces’®. This requires meticulous management of fluid velocity and heat
distribution. As the gas travels beneath the primary pot positioned directly over the riser, it
transfers a substantial portion of its thermal energy; therefore, subsequent pots in the serial
chain receive progressively cooler gases’®. To maintain uniform cooking temperatures across
multiple burners, the system must either employ bypass dampers to selectively route hot gases



or utilize stepped channel depths”. By decreasing the depth of the manifold beneath the
secondary pots, the cross-sectional area is reduced, artificially accelerating the cooler gases.
This maintains a high convective heat transfer rate despite the drop in absolute gas
temperature®.

Convective Heat Transfer and the Nusselt Number

The core mechanism for maximizing heat transfer into the cooking vessel is the restriction of
the exhaust gases through a narrow annular gap—commonly achieved using a "pot skirt"®". A
pot skirt is a metallic shroud that surrounds the sides of the cooking pot, forcing the hot
combustion gases to flow tightly against the pot's exterior walls rather than escaping laterally
into the kitchen®.

The physics of this phenomenon are dictated by the principles of forced convection, modeled

via the Nusselt number (Nu ), the Reynolds number (Re ), and the Prandtl number (PT ). The
Nusselt number represents the ratio of convective to conductive heat transfer across a fluid

boundary®. In forced internal flow through an annular channel, Nu is primarily a function of

Re Pr

and :
Nu=C-Re™ - Pr"

_ PV D,
Where the Reynolds number ( K )is driven by the velocity (V ) of the gas and the

hydraulic diameter (Dh ) of the channel gap®’.

According to seminal research by Dr. Samuel Baldwin and Dr. Larry Winiarski at the Aprovecho
Research Center, the channel efficiency—defined as the fraction of energy in the gas
successfully transferred to the pot—is exquisitely sensitive to the dimension of this gap®. By
narrowing the gap between the pot and the skirt (e.g., to 6 mm or 8 mm), the cross-sectional

area decreases, which forces the fluid velocity (V ) to increase dramatically in order to
maintain the constant mass flow rate generated by the rocket draft®.

This surge in velocity drives up the Reynolds number, increasing turbulent mixing within the
boundary layer, which subsequently yields a much higher Nusselt number®*. A higher Nusselt

number translates directly to a higher convective heat transfer coefficient (h ), radically
increasing the rate at which thermal energy penetrates the cooking vessel®*. Baldwin
demonstrated that for a 10 cm vertical channel, widening the gap from an optimized 8 mm to
just a few centimeters causes heat transfer efficiency to plummet from near 50% down to
26%%. Thus, the rigorous sizing of the pot skirt gap to maintain a constant, high-velocity
cross-sectional area is the most critical design parameter in a multi-burner rocket stove,
dictating its overall thermal efficiency®'.

Performance Evaluation: ISO 19867-1 and BImSchV



Standards

The global push for clean cooking solutions and stringent environmental regulations has
necessitated the development of rigorous, standardized laboratory protocols to quantify the
thermal efficiency and emissions profiles of rocket stoves and masonry heaters.

The ISO 19867-1 Testing Framework

The paramount international framework governing cookstoves is the ISO 19867-1:2018
standard (Harmonized laboratory test protocols) and its corresponding ISO 19867-3:2018
Voluntary Performance Targets®®. The ISO 19867-1 protocol evaluates cookstoves across three
discrete power levels (high, medium, and low) and explicitly includes both cold-start and
shutdown emissions. This represents a significant methodological improvement over earlier
protocols like the Water Boiling Test (WBT), which often obscured the heavy emissions
generated during the ignition and burnout phases.

During the burn sequence, high-precision laboratory emissions monitoring systems (LEMS)
capture total particulate matter (PM2.5) and carbon monoxide (CO)". Emissions are quantified
as a ratio of the pollutant mass to the useful thermal energy delivered to the cooking pot,
expressed in milligrams or grams per megajoule delivered (mg/MJd and g/MJd, respectively)?".
This inherently penalizes stoves with poor heat transfer efficiency; even if a stove burns
woodgas cleanly, if the heat fails to enter the pot due to poor pot skirt design, the absolute fuel
consumption rises, thereby increasing the total mass of pollutants emitted to complete the
cooking task.

ISO/TR 19867-3 Voluntary Performance Tiers

Under ISO 19867-3, cookstoves are classified into performance tiers ranging from Tier O
(representing an unimproved three-stone fire) to Tier 5 (representing aspirational, highly
advanced gasifier or electric performance)®.

ISO Tier Characteristic = Thermal PM2.5 CO Emission

Technology Efficiency Emission Target
Target Target

Tier 0-1 Three-Stone <15% Very High Very High
Fire, Traditional
Mud Stoves

Tier 2-3 Basic Rocket ~20% to 30% Moderate (e.g., = Moderate
Stoves, Natural 150 mg/MJd)
Draft

Tier 4 Advanced >40% Low Low
Biomass,

Forced Draft



(Jet-Flame)

Tier 5 Pellet Gasifiers >50% Near Zero Near Zero
(e.g., Mimi
Moto), LPG,
Electric

Table 4: Generalized ISO 19867-3 Voluntary Performance Tier classifications for biomass
cookstoves®,

For a biomass rocket stove to be classified as a high-tier clean cooking solution, it must achieve
extraordinary reductions in PM2.5 and CO. Advanced pellet-fueled rocket stoves, such as the
"Apeli* or the Mimi Moto, have successfully achieved Tier 4 for thermal efficiency and PM2.5,
and Tier 5 for CO, by utilizing continuous feed mechanisms and forced-draft injection (using
1.5-W Jet-Flame fans)”'. Natural draft rocket stoves, while representing a massive improvement
over traditional fires, struggle to surpass Tier 3 for PM2.5 without active mechanical ventilation
due to the inherent limitations of gravity-driven thermosiphoning and the erratic nature of
stick-wood combustion”.

Air Changes Per Hour (ACH) and Indoor Air Quality

The ultimate epidemiological goal of the ISO tiers is to predict real-world indoor air quality. The
relationship between a stove's raw emission rate (mg/MJd) and the actual concentration of

PM2.5 in a kitchen (pg/mg ) is governed by the ventilation rate, measured in Air Changes per
Hour (ACH).

There is an inverse proportionality between indoor concentration and ACH. Standard
laboratory models assume a baseline of 15 ACH for a typical rural kitchen. If a rocket stove
emits 150 mg/MJd of PM2.5 (a Tier 3 emission profile), it will result in specific indoor air
concentrations. However, if the kitchen's architectural design features half-walls or wide eaves
that increase ventilation to 30 or 40 ACH, the atmospheric dilution capacity doubles”. Under
these high-ventilation conditions, that same Tier 3 stove effectively yields operator exposure
levels equivalent to a Tier 4 device operating in a stagnant room”. This underscores the
necessity of pairing high-efficiency rocket stove designs with appropriate vernacular
architecture to fully mitigate the health impacts of indoor biomass cooking.

German Regulatory Frameworks: BImSchV and DIN Standards

In the European context, particularly in Germany, the installation and operation of residential
solid-fuel heaters (including rocket mass heaters and multi-burner ranges) are strictly
governed by the Bundes-Immissionsschutzverordnung (BImSchV) and European DIN
standards.

The 1. BImSchV sets rigid legal limits for emissions from small and medium combustion plants.
As of the end of the transition period on December 31, 2024, all operating devices must meet
the stringent "BImSchV Stufe 2" (Stage 2) limits'™".



Appliance Type BImSchV Stufe 2 BImSchV Stufe 2 Minimum
Limit: PM Limit: CO Efficiency
Requirement

Room Heaters / 0.04 g/m*® (40 1.25 g/m’® 73%

Stoves mg/m?)

Cooking Ranges 0.04 g/m® (40 1.50 g/m? 70%

(Herde) mg/m?)

Boilers 0.02 g/m* (20 0.40 g/m® Varies by capacity
(Festbrennstoffke mg/m?)

ssel)

Table 5: Emission limits and efficiency thresholds mandated by 1. BImSchV Stufe 2 for solid
biomass combustion in Germany'®".

Compliance with these limits poses a significant challenge for DIY rocket mass heaters. For
manufactured cookstoves (Herde), compliance is verified via type-testing against the DIN EN
12815 standard, which regulates solid fuel cooking appliances'*?. However, custom-built,
site-assembled masonry heaters (Grundéfen) must either be built by certified craftsmen using
calculation methodologies standardized under DIN EN 15544, or they must undergo an
individual, highly expensive on-site emissions test by a certified chimney sweep
(Schornsteinfeger) before they are legally permitted to operate'®%. A non-compliant system
faces immediate operational bans and potential fines'?". The stringent nature of DIN EN 15544
and BImSchV requires that any European deployment of RMH architecture transition from
vernacular, experimental cob designs to highly engineered, calculable refractory masonry
configurations that guarantee continuous high-MCE combustion.

System Maintenance and Longevity

The longevity and safety of rocket mass heaters and multi-burner stoves are dictated by the
operator's adherence to maintenance protocols and the physical degradation of materials.
Because these systems operate at the extreme margins of natural draft capabilities, minor
obstructions can lead to critical failure.

1. Ash Accumulation and Cleanouts: The high temperatures of a rocket core ensure that
minimal physical ash is produced from the primary fuel. However, lightweight, highly
insulative fly ash is continually swept through the system by the high-velocity draft,
depositing in the horizontal manifolds, stratification bells, and underneath cooking
vessels®. If not removed via designated, airtight cleanout caps annually, this ash acts as a
potent thermal insulator, disrupting conductive heat transfer to the mass, and physically
chokes the cross-sectional area, inevitably leading to back-puffing of smoke into the



room?®,

2. Structural Degradation: The port and the secondary air channels face the highest
thermal stresses. Steel components used for secondary air injection (such as floor
channel stubs) will undergo rapid oxidation. Advanced designs incorporate
"quick-change" secondary air stubs, allowing operators to easily replace the sacrificial
metal components every two seasons without requiring destructive masonry
demolition®’.

3. Draft Initiation: Rocket mass heaters inherently feature a large column of cold, dense air
sitting in the thermal mass prior to ignition. Attempting to start a full fire without first
"priming" the draft will result in immediate smoke backup'. Operators must introduce a
small, highly combustible primer fire directly at the base of the heat riser orin a
dedicated bypass channel to pre-heat the vertical flue and establish the upward
thermosiphon before engaging the primary fuel load in the batch box'.

Conclusion

The evolution of biomass combustion via the rocket mass heater and the multi-burner rocket
stove represents a profound convergence of thermochemical physics, fluid dynamics, and
appropriate architectural technology. By strictly governing the dimensional ratios of the
combustion core—as codified by the Peterberg Batch Box and classical J-tube designs—these
systems successfully manipulate the Boudouard equilibrium and force the complete secondary
oxidation of woodgas volatiles, achieving near-perfect Modified Combustion Efficiency.

In heating applications, the integration of these high-temperature cores with dense earthen
thermal mass exploits the specific heat capacity and low thermal conductivity of cob to
provide extended, stabilized radiant heat without succumbing to the dangers of creosote
condensation. Conversely, in cooking applications, the strategic implementation of annular pot
skirts leverages the Nusselt and Reynolds numbers to maximize convective heat transfer
coefficients, drastically reducing fuel consumption.

When rigorously evaluated under ISO 19867-1 protocols and stringent European BImSchV
regulations, advanced rocket architectures consistently demonstrate their superiority over
traditional combustion methods. By shifting from high-friction piped systems to low-friction
stratification bells, and from fireclay to high-alumina refractories, the field of rocket
combustion has matured from experimental DIY implementations to rigorous, mathematically
verifiable thermal engineering, offering a highly efficient, sustainable, and scalable solution to
the persistent global challenges of indoor air pollution and biomass depletion.
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