Thermochemical and Thermodynamic
Modeling of Residential Biomass
Dependency: A Berlin Case Study

The pursuit of residential thermal autonomy through solid biomass requires an exhaustive
understanding of building physics, thermodynamic energy transfer, and the fundamental
chemistry of combustion. Shifting a modern household's energy dependency entirely away from
centralized utility grids and fossil fuels toward raw firewood and carbonized wood (charcoal)
introduces profound engineering challenges. The energy system must satisfy the baseline
requirements of space heating, domestic hot water (DHW) generation, daily culinary operations,
and the rigorous high-temperature demands of seasonal food preservation.

This comprehensive report models the precise annual biomass requirements for a family of four
residing in Berlin, Germany. By integrating standardized climatological data from the German
Weather Service (DWD), the thermodynamic principles of heat transfer, advanced calorimetry
protocols, and the biological kinetic requirements of bacterial eradication in food preservation,
this analysis provides a definitive and highly nuanced quantification of biomass consumption.
Furthermore, the model is strictly constrained by contemporary European EcoDesign directives
and German immission regulations, ensuring that the theoretical consumption profile aligns with
practical, legal, and ecological frameworks.

Climatological Boundary Conditions and Building
Physics

The energy baseline of any residential structure is inextricably linked to its geographic location,
the prevailing local microclimate, and the physical characteristics of the building envelope. The
sizing of thermal appliances and the calculation of the annual fuel mass must begin with an
exacting analysis of the local climate and the physical footprint of the dwelling.

To accurately quantify the transmission and ventilation heat losses of a residential structure,
calculations in Germany are governed by DIN EN 12831-1, which outlines the normative
procedure for calculating design heat loads’. The latest iterations of this standard utilize updated
Test Reference Years (TRY) provided by the German Weather Service, which account for
geographically specific microclimates, topographical elevations, and urban heat island effects
across an intricately mapped grid of reference areas’.

For the metropolitan region of Berlin, which falls under Climate Zone 2 (Northeast), the

normative external design temperature is established at a baseline of —10°C 3. The heating
season in this region encompasses an average of 215 heating days per year, a critical
parameter for calculating the total temporal volume of fuel required®. The fundamental
mathematical framework governing the design heat load under DIN EN 12831 separates
transmission heat losses through the building envelope from ventilation heat losses caused by
air exchange?. Transmission losses are calculated by multiplying the area of the building



envelope components by their respective thermal transmittance coefficients, and then by the
temperature differential between the targeted internal temperature and the normative external
temperature’. Ventilation losses are calculated as a function of the air exchange rate, the room
volume, the specific heat capacity of the air, and the same temperature differential?.
According to the German Federal Statistical Office (Destatis), the average living space per
inhabitant in Germany has steadily increased, currently sitting at approximately 47.0 to 49.5
square meters per person®. For a four-person household, the average total living space is
statistically concentrated around 116 to 122 square meters depending on the specific building
typology''. The specific heating energy demand required to maintain a baseline internal
temperature of 20°C is highly contingent on the building's construction era, materials, and
insulation standard?.

Building Construction Era = Average Specific Heating Characteristics
Demand

Pre-1977 (Unrenovated 150 - 163 kWh/m?a Minimal insulation, high

Altbau) transmission loss'?.

1984 to 1994 95 - 99 kWh/m?2a Moderate insulation,

double-glazed windows'.

2002 to 2008 43 - 45 KkWh/m?2a Advanced insulation,
low-temperature heating’?.

Post-2009 (GEG/EnEV 30 - 38 kWh/m?a Highly efficient thermal
Standard) envelope®.

For the purpose of this analysis, the household is modeled on a statistically representative,
moderately renovated existing Berlin dwelling possessing a specific space heating demand of
100 kilowatt-hours per square meter per year®. Assuming a living area of 116 square meters, the
baseline annual useful thermal energy demand for space heating exclusively equates to 11,600
kilowatt-hours per year. This figure represents the absolute sensible heat that must be delivered
into the living space, independent of the thermal conversion efficiencies of the appliances
generating that heat.

Thermodynamics of Domestic Hot Water Generation

Beyond the seasonal requirements of space heating, a self-sustaining household requires
constant, year-round thermal energy for domestic hot water (DHW) generation. The physics of
water heating involve immutable thermodynamic constants that demand discrete modeling
independent of the ambient climate.

The specific heat capacity of liquid water at standard atmospheric conditions is approximately



4.186 kilojoules per kilogram per Kelvin, which translates to 0.00116 kilowatt-hours to elevate
the temperature of one liter of water by one degree Celsius'. The average German hot water
consumption profile for a moderate usage scenario—accounting for daily showers, dishwashing,
and basic hygiene—is statistically verified at approximately 40 liters per person per day'*. For a
family of four, this yields a continuous daily volumetric requirement of 160 liters of heated
water'.

Assuming the municipal groundwater enters the dwelling at an ambient 10 degrees Celsius and
must be elevated to a sanitary baseline of 60 degrees Celsius—a temperature threshold strictly
necessary to prevent the proliferation of Legionella pneumophila bacteria in domestic plumbing
networks—the required temperature differential is 50 Kelvin'*. The daily useful energy required
to achieve this thermal elevation can be calculated by multiplying the volume by the specific
heat capacity and the temperature differential. Theoretically, heating 160 liters of water by 50
Kelvin demands 9.28 kilowatt-hours of energy per day™.

However, fluid thermodynamics in practical domestic plumbing systems are never perfectly
efficient. Thermal dissipation through uninsulated pipes, standby losses in the storage cylinder,
and inefficiencies in the heat exchanger interface mean that the actual energy required per liter
is elevated from the theoretical 0.058 kilowatt-hours to a practical range of 0.065 to 0.073
kilowatt-hours'*. When accounting for these systemic losses, the annual useful thermal energy
demand for water heating for a four-person household is generally modeled at roughly 800
kilowatt-hours per person per year, yielding a total annual DHW demand of 3,200
kilowatt-hours™.

Household Size Daily Volume Daily Energy Annual Energy
(Liters at 60°C) Demand Demand
(Practical)
1 Person 40 L 2.3 kWh 800 kwh'
2 Persons 80 L 4.6 kWh 1,600 kWh'
4 Persons 160 L 9.2 kWh 3,200 kWh'
6 Persons 240 L 13.9 kWh 4,800 kwh'*

Culinary Energy Requirements and Fluid Dynamics of
Cooking

Estimating the biomass required to sustain daily culinary operations is a highly complex
exercise due to the extreme variance in dietary habits, the thermal conductivity of specific
cookware, and the evaporative losses inherent in boiling and frying. Evaluating the efficiency of



solid fuel cookstoves relies heavily on empirical benchmarks established by the World Health
Organization and the Energy Sector Management Assistance Program, which utilize specific
testing protocols to bridge the gap between theoretical laboratory efficiency and practical
household consumption'®.

The most prominent of these protocols is the Water Boiling Test, which measures the raw
thermal conversion efficiency of a stove under highly controlled laboratory conditions?°.
However, literature consistently demonstrates that the Water Boiling Test drastically
overestimates the field performance of biomass stoves, failing to account for the erratic
fire-tending practices of the user, the varying moisture contents of locally sourced fuels, and the
specific thermodynamic profiles of diverse local dishes'®. To correct for this discrepancy, field
researchers deploy the Kitchen Performance Test, a cross-sectional observational study that
measures actual fuel consumption in participating households over an extended duration'®.
Data derived from these field protocols indicate that the baseline useful energy consumption for
cooking operations is roughly 46.3 megajoules per household per day, translating to
approximately 12.8 kilowatt-hours of daily energy expenditure®. However, in highly optimized
European contexts utilizing flat-bottomed, high-conductivity metallic cookware and lids that
reduce the latent heat of evaporation losses, average useful cooking energy is often modeled
significantly lower?'. Standardized models applied in Germany suggest that cooking requires
approximately 200 kilowatt-hours per person per year of useful thermal energy'’. For a family of
four, this yields an annual household cooking demand of 800 kilowatt-hours. It is critical to note
that this figure represents the strictly useful thermal energy applied directly to the food matrix,
and does not account for the massive radiant and convective heat losses suffered by the stove
itself, which will be factored into the overall appliance efficiency model in subsequent sections.

Thermal Death Kinetics and Seasonal Pressure
Canning

The preservation of the household's seasonal agricultural yield introduces extreme,
short-duration thermal loads that deviate significantly from standard daily cooking operations.
Food preservation through canning relies on manipulating the thermal death time of
microorganisms to render the food shelf-stable without refrigeration®*.

The biological mechanisms governing food spoilage dictate the required thermal strategy.
High-acid foods, defined as possessing a pH lower than 4.6 (such as most fruits, jams, and
pickled vegetables), possess an inherent chemical hostility to bacterial sporulation?®.
Consequently, these foods can be safely processed in an atmospheric boiling water bath, where
the internal temperature of the jars reaches 100 degrees Celsius, sufficient to destroy yeasts,
molds, and non-spore-forming vegetative bacteria®*.

However, low-acid foods, which possess a pH greater than 4.6 (including all meats, poultry, and
unpickled vegetables), present a profoundly different biological threat and mandate the use of
pressure canning®. The critical biological target in low-acid canning is the endospore of
Clostridium botulinum, an obligate anaerobic bacterium capable of producing one of the most
potent neurotoxins known to humanity®*. In the anaerobic environment of a sealed jar, surviving



spores will germinate, proliferate, and produce botulinum toxin.

To guarantee absolute food safety, the thermal process must achieve a "12-D reduction," a
standard designed to reduce the bacterial spore population by 12 logarithmic cycles,
mathematically ensuring that the probability of a single spore surviving in a processed unit is
one in one trillion?®. The thermal death kinetics of C. botulinum establish a decimal reduction
time (the D-value, the time required at a specific temperature to achieve a 90% reduction in the
bacterial population) of approximately 0.21 minutes at a reference temperature of 121 degrees
Celsius (250 degrees Fahrenheit)?>. Consequently, achieving the mandatory 12-D reduction
requires the absolute core temperature of the densest portion of the food matrix to be
maintained at 121 degrees Celsius for an absolute minimum of 2.52 minutes, a metric known as
the F-value®.

Microorganis Medium pH Required D-Value at Required 12-D

m Target Processing Target Temp Processing
Temp Time (Core)

Vegetative High Acid (< 100 °C (212 Varies Varies by

Bacteria / 4.6) °F) recipe®*

Yeasts

Clostridium Low Acid (> 121 °C (250 ~0.21 2.52 minutes®

botulinum 4.6) °F) minutes®’

Spores

Because water boils at 100 degrees Celsius under standard atmospheric pressure, it is
physically impossible to reach the 121 degrees Celsius threshold required to destroy C.
botulinum spores without manipulating the ambient pressure?®*. Achieving this extreme
temperature requires an enclosed pressure canner operating at approximately 15 PSI (103 kPa)
above standard atmospheric pressure?.

The thermodynamic energy demand to sustain this process is intense. Bringing a standard
batch of water and glass jars to 100 degrees Celsius requires a calculable amount of sensible
heat, but generating the high-pressure steam necessary to displace the ambient air and
pressurize the heavy aluminum or steel vessel requires overcoming the latent heat of
vaporization of water®>. The phase change of water from a liquid to a vapor demands a massive
2.442 megajoules per kilogram**. Empirical thermodynamic assessments of domestic pressure
canning suggest an energy expenditure of approximately 488 kilocalories (roughly 0.56
kilowatt-hours) of strictly useful thermal energy per standard 16-pint batch, purely to achieve the
phase change and thermal elevation, entirely excluding the massive radiant heat losses from
the exterior of the pressure vessel itself*>. Assuming the household harvests and preserves a
substantial volume of food, processing 40 batches annually, the required useful energy is
approximately 22.4 kilowatt-hours. While this figure is volumetrically negligible relative to the



massive demands of winter space heating, the intense instantaneous power required to drive
the rapid phase change of water dictates highly specific appliance performance and fuel
selection.

Solid Biofuel Calorimetry and Moisture Mechanics

Transforming raw timber into functional thermal energy is a complex function of the fuel's
physical mass, cellular moisture content, and specific biochemical composition. The selection of
European Beech (Fagus sylvatica) as the primary fuel source for the household is
thermodynamically optimal due to its extremely high cellular density, excellent caloric profile,
and low resin content compared to softwood species™.

The precise, scientific quantification of the energy locked within woody biomass is strictly
governed by the ISO 18125 standard ("Solid biofuels - Determination of calorific value")*’.
Calorimetry relies on the complete combustion of a meticulously weighed fuel sample within a
high-pressure oxygen bomb calorimeter submerged in a water bath. The process measures the
corrected temperature rise to calculate the Gross Calorific Value, commonly known as the
Higher Heating Value (HHV)*'. The Higher Heating Value represents the absolute maximum
thermal energy released, including the latent heat of the water vapor that condenses back into
liquid within the sealed calorimetric bomb®’.

However, in practical residential heating applications, appliances exhaust flue gases at
temperatures significantly above the dew point of water to prevent corrosive condensation and
creosote buildup in the chimney*°. Consequently, the water vapor generated during combustion
escapes into the atmosphere, taking its latent heat with it. To account for this unavoidable
thermodynamic loss, engineers calculate the Net Calorific Value, or the Lower Heating Value
(LHV), by deducting the latent heat of vaporization from the Gross Calorific Value*®. The
calculation frequently utilizes the Regnault-Pfaundler equation, subsequently adjusted for the
specific moisture and hydrogen content of the fuel®”.

Raw wood possesses significant cellular moisture, often containing up to 50% water by weight
when freshly felled*. Evaporating this moisture during combustion represents a severe
endothermic parasitic load on the fire. The vaporization of water demands 2.442 megajoules per
kilogram, actively robbing the combustion zone of sensible heat, lowering the flame
temperature, and severely impeding the complete oxidation of the carbon matrix**. According to
the strict mandates of the German 1. BImSchV, firewood must not exceed a moisture content of
25%, corresponding to a water content of 20%, to be legally combusted in residential areas™®.
When properly seasoned to a standardized 20% water content, the thermodynamic penalty of
the remaining moisture can be mathematically deduced. At this moisture level, 1 kilogram of
air-dried European Beech yields a practical Lower Heating Value of approximately 4.03 to 4.2
kilowatt-hours per kilogram®°.

Wood Species = Density Mass per LHV Energy Energy per
(Air-Dried) (kg/dm?) Raummeter Yield (kWh/kg)  Raummeter
(kg/Rm) (kWh/Rm)



Beech / Ash 0.74 ~480 kg 4.2 kWh/kg ~2,000 kWh*®

Oak 0.69 ~470 kg 4.2 kWh/kg ~2,000 kWh®®
Birch 0.68 ~450 kg 4.2 kWh/kg ~1,900 kWh*®
Spruce 0.44 ~330 kg 4.3 kWh/kg ~1,400 kWh**°

While softwoods like spruce technically possess a slightly higher energy yield per kilogram (due
to higher concentrations of energy-dense resins and lignin), their low volumetric density means
a household would need to process, transport, and store significantly more physical volume
(Raummeters) to achieve the same total energy output as hardwood®.

Pyrolytic Conversion Mechanics for Summer
Operations

Operating a heavy indoor woodstove during the peak of summer to facilitate cooking and
high-temperature canning introduces massive, unacceptable amounts of radiant heat into the
dwelling, rendering the living space thermally intolerable. To circumvent this, the household
must rely on outdoor cooking or a highly ventilated summer kitchen. However, raw firewood is
highly unsuitable for open-air, precision cooking. Combusting raw wood in an open, oxygen-rich
environment produces copious amounts of smoke, volatile organic compounds, and long,
relatively cool flames that fail to concentrate thermal energy into the tight focal point required
beneath a cooking vessel or a pressure canner*®.

Charcoal circumvents these inefficiencies. Possessing an energy density of roughly 8 to 9
kilowatt-hours per kilogram (equating to nearly 30 megajoules per kilogram), charcoal burns with
an intense, localized radiant output and virtually no smoke, making it the supreme solid fuel for
focused, high-temperature culinary tasks*®.

The production of charcoal relies on pyrolysis—the thermochemical decomposition of
lignocellulosic biomass in an oxygen-starved environment at highly elevated temperatures*®.
The transformation of raw wood into a nearly pure carbon matrix is a complex, sequential
progression of endothermic and exothermic reactions that correlate directly with the
decomposition temperatures of the primary structural biopolymers of the wood*®.

In the initial stage, as external heat is applied and the internal temperature of the biomass
approaches 200 degrees Celsius, the process is strictly endothermic, requiring constant thermal
input to overcome the heat capacity of the bound cellular moisture and drive off water vapor*.
As temperatures escalate into the 200 to 315 degrees Celsius range, hemicellulose—the least
thermally stable of the wood polymers—begins to decompose rapidly, yielding non-condensable
combustible gases and complex liquid condensates, historically known as pyroligneous acid*®. It
is within this thermal window that the overall thermodynamic reaction transitions from an
endothermic to a highly exothermic state*®. Following the breakdown of hemicellulose, cellulose
and lignin decompose at temperatures ranging from 315 up to 900 degrees Celsius. The



degradation of lignin is primarily responsible for the physical structural integrity of the resulting
charcoal, yielding a high percentage of the final fixed carbon mass*®.

The gravimetric efficiency of this pyrolytic conversion is notoriously low. Traditional earthen
mound kilns (Meiler) utilized by pre-industrial colliers and modern hobbyists rarely exceed a
20% to 25% gravimetric yield*®. This implies that to produce 1 kilogram of high-quality charcoal,
the operator must carbonize approximately 4 to 5 kilograms of raw, air-dried hardwood. While
modern, highly engineered steel retort systems can push this efficiency toward 30% to 35% by
capturing and combusting the off-gases (syngas) to sustain the external heating of the retort*?,
for a decentralized, residential production model, a 25% yield remains the safest baseline
assumption for calculating raw biomass requirements.

Combustion Appliance Technologies and Immission
Regulations

The massive disparity between the strictly useful energy demanded by the household and the
input energy contained within the raw fuel is bridged entirely by the thermal efficiency of the
combustion appliances utilized. Utilizing inefficient appliances directly multiplies the amount of
timber that must be felled, transported, and stored. Furthermore, the combustion of nearly 8
metric tons of biomass in an urban or peri-urban environment like Berlin mandates absolute
adherence to stringent air quality legislation, dictating appliance design.

The Masonry Heater (Grundofen)

To satisfy the 11,600 kilowatt-hour annual space heating demand efficiently, conventional steel
or cast-iron convection stoves (Kamindfen) are fundamentally inadequate. Convection stoves
transfer up to 50% of their generated energy as immediate, rapid hot air, leading to severe
temperature fluctuations within the dwelling, overheating the immediate vicinity while failing to
sustain warmth overnight, resulting in massive fuel waste as the user is forced to continuously
feed the fire>.

The thermodynamically optimal solution is the Grundofen, a traditional masonry heater
constructed from dense refractory materials such as heavy fireclay (Schamotte) or steatite
(soapstone)®?. The architecture of a Grundofen completely isolates the combustion chamber
from the chimney exhaust. The burning wood does not vent directly upward; instead, the
extremely hot flue gases are forced through internal, serpentine ceramic flues that can stretch
from 5 to 7 meters in length®. The massive thermal mass of the surrounding refractory brick
absorbs the intense sensible heat from the flue gases before they escape the building.

The user operates the Grundofen through a rapid, high-temperature combustion phase lasting
only 1 to 2 hours, burning a large charge of wood with maximum oxygen intake®?. Because the
wood is burned rapidly at extreme temperatures exceeding 800 degrees Celsius, the volatile
organic compounds are completely oxidized, driving the thermal efficiency of a well-engineered,
bespoke Grundofen to remarkable levels between 85% and 90%°°. The heavy mass of the
stove then radiates this stored energy as gentle, long-wave infrared heat over the subsequent
12 to 24 hours, requiring only one or two firings per day®?.

To deliver the required 11,600 kilowatt-hours of useful space heating, assuming an 85% thermal



efficiency, the total energy input required from the firewood is calculated as:

11, 600 kWh

= 13,647 kWh
0.85 3,647 kWh/a

Inp'UttHeating -

The Wood Cookstove and Charcoal Hearths

Cooking and water boiling require localized, highly intense heat that a massive masonry heater
cannot provide directly to a pot. A modern, dedicated wood-fired cookstove
(Festbrennstoffherd), compliant with DIN EN 12815 regulations, achieves a minimum required
thermal efficiency of 70% to 75%°®. During the winter months, this indoor cookstove manages
the DHW and culinary demands, and its waste radiant heat contributes directly to the space
heating baseline of the dwelling.

However, during the roughly 150 non-heating days of the summer phase, the household must
shift to outdoor charcoal cooking. Traditional charcoal stoves and braziers demonstrate
notoriously wide thermal efficiencies, ranging from 15% to 30%, depending on the specific
geometry of the stove and whether a Water Boiling Test or a Kitchen Performance Test metric is
applied to the data®. The fluid dynamics of charcoal combustion, lacking the long flames of raw
wood, require the cooking vessel to be seated mere centimeters above the incandescent carbon
matrix to maximize conductive and convective heat transfer while minimizing radiant losses to
the surrounding atmosphere?’. Assuming an optimized charcoal stove operating at a realistic
25% efficiency threshold, the raw energy input required to satisfy the summer culinary and
canning demands rises significantly.

1. BImSchV Stufe 2 and EcoDesign 2022 Frameworks

The German Federal Immission Control Ordinance (1. BImSchV) strictly regulates small and
medium combustion plants to protect local air quality. For facilities installed after December 31,
2014, the stringent "Stufe 2" (Level 2) limits apply®®. The law severely restricts products of
incomplete combustion.

Wood combustion is a highly complex, multi-phase chemical process. If the time, temperature,
or turbulence—often referred to as "the 3 Ts" of combustion engineering—are insufficient within
the primary combustion zone, the hydrocarbon chains fail to fully oxidize®. This failure results in
the emission of dangerous Carbon Monoxide (CO), volatile organic compounds, and fine
particulate matter (PM10, PM2.5)%". The 1. BImSchV Stufe 2 dictates that emissions from
modern enclosed stoves must not exceed 1.25 grams per cubic meter for Carbon Monoxide and
0.04 grams per cubic meter for fine dust®®. Simultaneously, the overarching European
EcoDesign 2022 framework (Regulation EU 2015/1185) enforces minimum seasonal space
heating energy efficiencies and harmonizes these emission thresholds across the European
single market, mandating that older, polluting stoves be decommissioned or retrofitted with
electrostatic precipitators or catalytic filters®®.

By electing to use a highly optimized, high-temperature Grundofen rather than a smoldering
open fire or an improperly drafted steel stove, the household inherently mitigates these emission
risks, ensuring that the oxidation of the fuel matrix runs to completion and drastically lowering



particulate output®.

Atmospheric Dispersion: § 19 1. BImSchV

Preventing localized micro-pollution in dense residential neighborhoods relies not only on clean
combustion chemistry but on the fluid dynamics of atmospheric dispersion. In January 2022, an
amended § 19 of the 1. BImSchV came into effect, strictly defining the exhaust conditions
(Ableitbedingungen) for solid fuel chimneys®’.

To ensure flue gases enter the free wind stream and are diluted effectively before reaching
neighboring windows or ventilation intakes, the law mandates that the chimney outlet must be
located as close to the roof ridge (First) as structurally possible®. Specifically, the exhaust
opening must surpass the roof ridge by a minimum of 40 centimeters®’. Furthermore, if the total
thermal output is up to 50 kW, the chimney must overtop any ventilation openings, windows,
and doors within a 15-meter radius by at least 1 meter®®. These complex fluid dynamic
requirements are engineered to prevent localized downdrafts and eddy currents from pulling
carcinogenic polycyclic aromatic hydrocarbons into the ambient breathing zones of the
surrounding community.

Integrated Annual Biomass Calculation Model

The final physical mass and volumetric requirements can be synthesized by defining a bi-modal
operational year. The winter phase consists of 215 days, where space heating, cooking, and
DHW are powered by the high-efficiency Grundofen and the indoor wood cookstove using raw
Beech firewood. The summer phase consists of 150 days, where cooking, DHW, and seasonal
high-pressure canning are powered by an outdoor charcoal hearth to prevent indoor
overheating.

Winter Phase Energy Input (Raw Firewood)

During the 215-day winter phase, the energy inputs are calculated as follows:

e Space Heating: Requires 13,647 kilowatt-hours of input energy based on the
Grundofen's 85% efficiency.

e Winter DHW: The useful energy requirement for 215 days is 1,995 kilowatt-hours. At a
75% efficiency through the wood cookstove's integrated water jacket, the input
requirement is 2,660 kilowatt-hours.

e Winter Cooking: The useful energy requirement for 215 days is 471 kilowatt-hours. At a
75% efficiency on the cookstove, the input requirement is 628 kilowatt-hours.

e Total Winter Firewood Input: The sum of these operations requires 16,935
kilowatt-hours of raw thermal energy.

Assuming the use of European Beech seasoned to an optimal 20% moisture content, providing
a Lower Heating Value of 4.03 kilowatt-hours per kilogram®®, the winter firewood mass
requirement is determined by dividing the total input by the caloric value, resulting in 4,202
kilograms of physical wood.
Summer Phase Energy Input (Charcoal and Pyrolysis)
During the 150-day summer phase, operations shift to charcoal:

e Summer DHW: The useful energy requirement for 150 days is 1,392 kilowatt-hours.

e Summer Cooking: The useful energy requirement for 150 days is 329 kilowatt-hours.



e Seasonal Canning: The useful energy required to pressurize 40 batches is 22.4
kilowatt-hours.
e Total Summer Useful Energy: The household requires 1,743.4 kilowatt-hours of useful
energy.
Utilizing a charcoal stove operating at a 25% thermal efficiency, the charcoal energy input
required to deliver this useful heat is 6,973.6 kilowatt-hours. Given charcoal's high energy
density of approximately 8.0 kilowatt-hours per kilogram, the required charcoal mass is 871.7
kilograms.
To produce this 871.7 kilograms of pure charcoal via traditional pyrolysis in an earthen clamp or
basic retort, assuming a standard 25% gravimetric yield®', the raw wood input required for
carbonization is 3,486.8 kilograms.
Total Annual Volumetric Conversion Matrix
The total raw Beech biomass that must be harvested to sustain the household is the sum of the
wood burned directly in the winter (4,202 kg) and the wood carbonized into charcoal for the
summer (3,487 kg), totaling 7,689 kilograms of raw timber.
In the European forestry and solid fuel markets, wood is strictly traded and managed
volumetrically rather than by weight, due to the extreme fluctuations caused by moisture
content. The standard conversion metrics for Beech (Fagus sylvatica) are highly specific*:
e Festmeter (Fm): 1.0 cubic meter of solid, pure wood without air gaps. For Beech, this
equates to roughly 740 kilograms®.
e Raummeter (Rm) / Ster: 1.0 cubic meter of neatly stacked split logs, including the
unavoidable interstitial air gaps. One Raummeter of Beech weighs approximately 460 to
480 kilograms™.
e Schiittraummeter (Srm): 1.0 cubic meter of loosely poured, unstacked wood. The
massive air gaps drop the weight to approximately 320 to 340 kilograms’2.
e Standard Conversion Ratio: 1 Festmeter = 1.4 Raummeter = 2.3 Schiittraummeter*.

Metric Raw Firewood Pyrolysis Wood Total Household
(Winter) (Summer) Requirement

Mass (kg) 4,202 kg 3,487 kg 7,689 kg

Festmeter (Fm) 5.6 Fm 4.7 Fm 10.3 Fm

Raummeter (Rm) / 8.7 Rm 7.2 Rm 15.9 Rm

Ster

Schittraummeter 12.4 Srm 10.3 Srm 22.7 Srm

(Srm)



The family mathematically requires approximately 16 Raummeters (Sters) of properly seasoned
hardwood annually to maintain a completely closed-loop thermal ecosystem.

Silvicultural Sustainability and Residue Management

The extraction of 10.3 Festmeters of solid timber per family unit requires rigorous
contextualization against the biological limits of the regional ecosystem. The Thiinen Institute,
responsible for Germany's National Forest Inventory (Bundeswaldinventur), tracks the annual
volume increment (Zuwachs) of German forests to ensure harvest rates do not exceed
biological replenishment’®.

Recent data indicates that the average gross annual increment of Beech forests in Germany is
approximately 10.4 to 11.7 cubic meters per hectare’®. However, this gross biological increment
includes natural mortality and the growth of small branches and foliage that are biologically
essential for returning nutrients to the forest floor’®. The actual sustainable, harvestable yield of
thick timber is markedly lower. Consequently, to sustain this single four-person household
indefinitely without depleting the standing timber stock, the family requires the dedicated,
perpetual yield of approximately 1.0 to 1.2 hectares of mature beech woodland. This spatial
reality explicitly highlights the geographical footprint of decentralized biomass reliance: scaling
this thermal model across the high-density urban matrix of Berlin is physically impossible without
catastrophic, rapid deforestation, reinforcing that solid biomass must remain a niche,
supplemental, or highly localized thermal strategy rather than a macroeconomic baseline.
Furthermore, the combustion of nearly 8 metric tons of biomass yields non-combustible mineral
ash. While high-efficiency combustion leaves very little unburned carbon, reducing the total ash
volume to roughly 1% to 2% by weight, the resulting 75 to 150 kilograms of ash poses severe
disposal challenges. Wood ash is highly alkaline and rich in potassium, calcium, and
magnesium. While historically prized as an agricultural fertilizer, modern environmental agencies
strictly regulate its application.

According to the German Federal Soil Protection Ordinance (BBodSchV), wood ash
concentrates the heavy metals originally absorbed by the living tree—specifically zinc, lead,
chromium, and copper’®. Because these heavy metals do not vaporize during the combustion
process, their mass fraction increases exponentially in the residual ash®'. Consequently, the
German Environment Agency (UBA) explicitly warns against utilizing wood ash as fertilizer in
domestic gardens or compost heaps, as it rapidly causes the soil to exceed the permissible
heavy metal toxicity thresholds. It is legally recommended to dispose of all wood ash in the
standard residual waste bin (Restmiill) to ensure it is processed safely in industrial facilities®.

Conclusion

Sustaining a family of four in the specific climatic conditions of Berlin utilizing exclusively solid
biomass is a thermodynamically rigorous, yet mathematically feasible undertaking. Achieving
standard modern living conditions—including space heating over a 215-day winter, constant
domestic hot water, daily culinary operations, and the intense thermal loads necessary to
destroy dangerous pathogens during high-pressure seasonal canning—demands absolute



optimization of both fuel processing and appliance selection.

The thermodynamic analysis indicates an annual baseline useful thermal requirement of roughly
16,095 kilowatt-hours. By adopting a strictly managed bi-modal operational strategy—utilizing a
high-efficiency masonry heater and an indoor cookstove during the winter, and pivoting to
pyrolytically generated charcoal for high-temperature summer tasks to avoid indoor
overheating—the total annual raw fuel requirement is calculated at 7,689 kilograms of Beech
wood. This equates to approximately 16 Raummeters, or 10.3 Festmeters of solid timber.

This model proves that absolute thermal independence via biomass can be achieved. However,
it requires intense physical labor, meticulous moisture management verified by ISO 18125
standards, and precise engineering of combustion zones to prevent catastrophic neighborhood
pollution and satisfy the rigid legal boundaries of the 1. BImSchV Stufe 2 and European
EcoDesign mandates. Ultimately, while individual household autarky can be achieved through
this calculated allocation, the silvicultural reality—requiring over a hectare of dedicated
hardwood forest to sustain a single family—dictates that this practice is an ecologically capped
resource, incompatible with mass urban deployment.
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