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Chapter 1: Foundational Principles & Architecture

of the Scientific Homestead

1. Chapter Overview & Strategic Objectives

Traditional homesteading has long been characterized by passive techniques, empirical trial-and-error, and self-
sufficiency models rooted in historical subsistence farming. While these traditional practices provide valuable
baseline knowledge regarding seasonal cycles and localized animal husbandry, they lack the analytical rigor,
quantitative telemetry, and predictive modeling required to optimize system efficiency, resilience, and resource
yields under modern environmental variability.

The Scientific Homestead represents a paradigm shift. It transforms the homestead from a collection of isolated,
empirical tasks into an integrated, data-driven, closed-loop ecosystem. By applying engineering principles
—specifically mass balance modeling, thermodynamic optimization, sub-GHz telemetry networks, controlled
environment agriculture (CEA), point-of-need molecular biology, and open-source metrology—the scientific
homesteader transitions from passive survival to active, analytical ecosystem control.

Strategic Core Pillars

1. Energy Autonomy & Laboratory-Grade Power Quality: Engineering off-grid energy generation (solar
TOPCon, micro-hydro, backup generation) and LiFePO4 battery storage to achieve 99.999% uptime with
zero-millisecond transfer times and total harmonic distortion (THD) under 1.5% for sensitive laboratory
instrumentation.

2. Controlled Environment Agriculture (CEA) Food Security: Utilizing high-pressure aeroponics (HPA),
automated 4-channel fertigation, spectrally tunable LED arrays, and closed-loop Vapor Pressure Deficit (VPD)
control to maximize biomass production while reducing water consumption by over 95% relative to field
agriculture.

3. Telemetry-Driven Microclimates & IoT Networks: Deploying sub-GHz LoRaWAN sensing networks
across soils, microclimates, and water systems to ingest real-time spatial data into centralized time-series
databases for automated control loops and predictive alerts.

4. Point-of-Need Biological Analysis & Genomics: Establishing an on-farm biological laboratory capable of
direct brightfield/shadow-contrast microscopy, aerated compost tea (ACT) optimization, and portable Oxford
Nanopore MinION metagenomic sequencing for immediate plant pathogen diagnostic and soil microbiome
profiling.

5. Closed-Loop Waste & Resource Recycling: Integrating constructed subsurface wetlands, mesophilic anaer-
obic digesters, rainwater multi-barrier purification, and Jean Pain compost heat recovery systems (Biomeilers)
to eliminate external waste streams and recover high-grade thermal and chemical energy.

6. Open-Source Scientific Instrumentation & Metrology: Constructing custom analog front-ends (AFEs),
UV-Vis spectrophotometers, and automated liquid handlers with strict metrological calibration traceable to
NIST standards.
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2. Sub-Headings & Theoretical Foundations

1.1 The Scientific Homestead Paradigm

The central defect of legacy homesteading is the absence of closed-loop quantitative feedback. Without precise
measurement, system degradation—such as soil cation depletion, battery capacity fade, or micro-nutrient lock-
outs—remains undetected until catastrophic yield loss or equipment failure occurs.

In contrast, the scientific homestead operates as an open thermodynamic system governed by conservation
laws. The fundamental mass balance equation for any closed volume within the homestead (e.g., a greenhouse,
anaerobic digester, or soil bed) is defined as:

dMsystem

dt = § :min - E Mot + rgeneration

Where:
dM

system

dt
is the rate of mass accumulation within the system boundaries over time.
¢ Z Ty
is the mass flow rate of all inputs (water, nutrients, biomass, gases).
¢ Z mout
is the mass flow rate of all outputs (harvested yield, transpired water vapor, off-gasses, solid waste).
T generation
is the internal rate of reaction or conversion (e.g., photosynthetic carbon fixation, microbial methanogenesis).
Similarly, the overall system thermodynamic efficiency
Tsys
combines thermal, electrical, and chemical exergy delivered relative to primary resource inputs:

_ V[/;et + Qutilized + Echemical

T > Binput
Where
Wiet
is net electrical power generated,
Qutilized

is recovered waste thermal energy (e.g., from Biomeilers or inverter heat sinks), and

E

chemical

is stored bio-energy (methane gas or crop biomass). By continuously logging input vectors and output yields
into a centralized telemetry stack, the homesteader can calculate real-time system exergy efficiencies, identifying
energy leaks and biological bottlenecks long before visible symptoms appear.
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1.2 System-of-Systems Topology & Dynamics
The scientific homestead is not a collection of independent projects; it is a tightly coupled network of dynamic
subsystems. A perturbation in one subsystem ripples through the entire architecture.

e R +
| MASTER INTER-SUBSYSTEM FLOW |
T R +
I I
| #--mmee + B T + Fomm e + |
| | Off-Grid Power |------- >| CEA & Fertigation |------- >| Crop Yield & |

| | (PV / Hydro / BESS| | (HPA / LED / VPD) | | Biomass Output | |
| #--mmee + o m e e - + R + |
I I I I I
| v v v |
I + fomm e e eeeeeeeaaaa + Fome e +
| | Lab Instrumentation| | Water Recovery & |<------- | Biomeiler & |

| | (Microscopy/MinION) | | Wetlands | | Anaerobic Dig. | |
| #---mee o + T + R R + |
I I ” I I
| B e B e TR + |
| Telemetry Loop (LoRaWAN) |
T T +

Inter-Subsystem Dynamic Coupling Vector
1. Power

_)

Automation & CEA: The 18 kWp solar and 2.5 kW hydro array energizes the high-pressure aeroponics
(HPA) pumps, spectrally tunable LED lighting, and climate control fans.
2. CEA

_)

Biomass & Waste Streams: Plant root exudates and non-edible crop residues flow directly into the mesophilic
anaerobic digester and Biomeiler compost pile.
3. Waste & Compost

_)
Thermal & Nutrient Loops: The Biomeiler generates
55°C
hydronic heat for greenhouse winter warming, while the digester produces biogas (

65%CH,

) for backup heating and liquid digestate for fertigation.
4. Soil & Biology
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Lab Analytics: Soil core samples and liquid digestate are analyzed via UV-Vis spectrophotometry, direct
optical microscopy, and Oxford Nanopore MinION metagenomics to adjust nutrient dosing and biochar

activation.
5. Lab Analytics

_)

Telemetry Feedback: Laboratory results re-calibrate the automated dosing algorithms executed by the edge
controllers (ESP32-S3 / PLC) via MQTT over LoRaWAN.

1.3 Infrastructure Phasing & Site Selection Criteria
Building a scientific homestead requires a phased, capital-efficient construction roadmap backed by quantitative

site selection protocols.

Site Selection Quantitative Criteria Matrix

Parameter Minimum Threshold Ideal Target Measurement Instru-
ment / Method
Solar Insolation kWh /m2 kWh /m2 Calibrated Pyranometer /
> 38—y e NREL NSRDB
Micro-Hydro Potential >10 L/s >25 L/s Bucket test / Pressure
transducer / Salt dilution
flow, flow,
>3 m >8 m
head head
Soil Cation Exchange > 12 mqu > 29 mqu Wet-lab ammonium ac-
(CECQ) 100 100 etate displacement at pH
7.0
Seil Organic Matter > 3.0% > 6.5% Loss-on-Ignition (LOI) at
oy, 360°C
furnace
Water Table & Drainage Depth Depth Double-ring infiltrometer
>15 m >3.0 m & bore test
, perk , perk
25 —50 mm/hr 35 mm/hr

Sub-GHz Radio Line-of-
Sight

<15 dB

path loss to node field

Capital Expenditure Phasing Roadmap
* Phase 1: Baseline Survey & Power Backbone (Months 1-6)

» Execute 30-day baseline environmental and soil survey.
» Install primary 18 kWp PV array, 60 kWh LiFePO4 BESS, and power shed with isolation transformer.
» Deploy central LoRaWAN gateway and telemetry server stack (Mosquitto/InfluxDB/Grafana).

Clear Fresnel zone across
site

Spectrum Analyzer / LoRa
RSSI sweep
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* Phase 2: CEA Construction & Water Systems (Months 7-12)
» Construct

100m?

climate-controlled greenhouse with HPA aeroponic arrays and 5-channel LED lighting.
» Install 45,000 L rainwater harvesting system, first-flush diverters, and UV-C filtration train.
» Establish subsurface horizontal flow constructed wetland for greywater treatment.
» Phase 3: Biological Laboratory & Waste Recovery (Months 13-18)
» Build BSL-1/BSL-2 rated analytical laboratory with HEPA laminar flow hood, optical microscope, Open-
PCR, and MinION.
» Construct 50-tonne Biomeiler compost heat exchanger loop and 5

m3

mesophilic biogas digester.
» Deploy 208 L commercial aerated compost tea (ACT) brewer and biochar pyrolysis retort.
* Phase 4: Open Metrology & Master Control Integration (Months 19-24)
Calibrate custom UV-Vis spectrophotometers and AFE instrumentation against NIST standards.
» Implement centralized Home Assistant / Node-RED master control plane with edge fallback logic.
» Begin long-term randomized complete block design (RCBD) agricultural field experiments.

v

3. Technical Diagrams & System Flowcharts

Diagram 1.1: Master Inter-Subsystem Resource & Data Matrix

| ATMOSPHERIC & SOLAR INPUTS |
| (Solar Radiation, Rainwater, Ambient C02, Temp) |

B I +
I
v
B e + B +
T +
| POWER SUBSYSTEM | | WATER SUBSYSTEM | | ATMOSPHERIC &
SENSING|
| 18kWp PV / 2.5kW Hydro| | Rainwater Catchment / | | LoRaWAN Node Field /
I
| 606kWh LiFeP04 / UPS | | Wetland Purification | | BME280 / SDI-12
Probes|
B e + R +
B e +
| | I |
| Elec. | Clean | Purified | Sensor
| Power | Power | Water |
Telemetry
v v v v
B e + oo e +

10
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B e +
| CEA & GREENHOUSE | | BIOLOGICAL LAB | | TELEMETRY CONTROL
I
| HPA Aeroponics / | | Microscopy / MinION / | | InfluxDB / Grafana /
I
| 5-Ch LED / VPD Control| | UV-Vis Spectrophotom. | | Node-RED PLC Engine
I
R + o e e +
Fm e e +
I a I
| Biomass / | Biological |
Automated
| Runoff | Feedback | Control
% | %
B + |
o e oo +
| WASTE & RECOVERY R + | ACTUATORS & PUMPS
I
| Biomeiler / Anaerobic | Nutrient Data | Solenoids /
Drivers / |
| Digester / Biochar [ LR EE T T T T >| Dosing Peristaltics
|
B e +
o +

4. Practical Hands-On Project Plan

Project Plan 1.1: Comprehensive Site Feasibility & Baseline Resource Survey

Goal

Perform a 30-day quantitative baseline assessment of land, solar, micro-hydro, water quality, and soil biological/
chemical resources to create a master GIS resource layer and validate site parameters against homestead engi-
neering thresholds.

Bill of Materials (BOM)

Item Description Specification / Model Qty Est. Cost (USD) Vendor / Source
Pyranometer Apogee SP-110 Self-Pow- 1 $395 Apogee Instruments
ered Solar Radiation Sensor
Handheld Flow Meter Global Water FP111 Stream 1 $850 Xylem / Global Water
Flow Tracker
Soil Core Sampler 30cm Stainless Steel Core 1 $120 Forestry Suppliers
Probe with Ejector
Handheld EC/pH/TDS Me- Milwaukee MW804 Max 1 $145 Milwaukee Instruments
ter 4-in-1 Tester

11
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GPS Logging Unit Garmin eTrex 32x High- 1 $220 Garmin
Accuracy Mapping GPS
Soil Hydrometer Test Kit ~ Bouyoucos Hydrometer for 1 $85 Cole-Parmer
Soil Texture Analysis
Total Estimated Cost $1,815

Safety Guidelines & Risk Mitigation

1. Field Hazards: When surveying stream channels for micro-hydro head measurements, wear high-traction
waterproof boots and a personal flotation device (PFD) if stream depth exceeds 0.75 meters.

2. Chemical Safety: Handling soil texture dispersants (sodium hexametaphosphate) requires nitrile gloves,
splash goggles, and working in a well-ventilated space.

Step-by-Step Execution Instructions

1. Grid Setup & Mapping:
 Establish a

25 m x 25 m

sampling grid across the entire homestead acreage using the Garmin GPS unit.
* Record latitude, longitude, elevation, and aspect for every grid node.
2. Solar Radiation Baseline Logging:
» Mount the Apogee SP-110 pyranometer at

00
tilt (horizontal) on a 2-meter mast at the proposed power shed site.
+ Connect output to a data logger sampling solar irradiance (

w
m2
) every 60 seconds over 30 days to calculate peak sun hours (PSH).

3. Hydrological Stream Assessment:
* Locate the primary stream elevation drop. Measure vertical head (

H

) using line-level surveying or high-accuracy barometric altimetry.
» Measure stream cross-sectional area and average velocity (

v
) using the FP111 flow meter across 5 transects to calculate volumetric flow rate
RQ=Axv

in L/s.
4. Soil Sampling & Baseline Wet-Lab Testing:
+ Extract 20 random 30 cm core samples across crop zones. Homogenize into 4 composite samples repre-
senting distinct field sectors.
* Prepare a 1:2 soil-to-distilled-water slurry. Stir vigorously for 30 minutes. Measure pH and Electrical
Conductivity (EC in

12



The Scientific Homestead: Systems Architecture & Metrology Final Master Edition

cm

) using the Milwaukee MW804.
» Perform Bouyoucos hydrometer soil texture analysis to establish percentages of sand, silt, and clay.
5. GIS Data Consolidation:
 Import all spatial data, elevation contours, solar radiation curves, stream flow rates, and soil parameters into
QGIS software.
» Generate heat maps for solar exposure, hydrological potential, and soil fertility to guide infrastructure
zoning.

Verification & Commissioning Criteria Matrix

Parameter Measurement Target Acceptance Threshold Status / Sign-Off
Solar Data Quality 30 days continuous > 98% [ ] PASS
1-min data capture completeness

solar irradiance logs

Winter Average PSH  Calculated Peak Sun Hours per ge 3.8 PSH/day [ ] PASS
day
Micro-Hydro Potential  Calculated Continuous Output ge 1.5 kW continuous [ 1PASS

P =0.65 x pgQH
Soil pH Baseline Slurry pH measurement 6.0—7.2 [ 1 PASS

(or amendment plan)

Soil EC Baseline Slurry EC measurement < 1.5 mS/cm [ ]PASS

(low salinity)

13
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Chapter 2: Off-Grid Energy Systems & Laboratory-

Grade Power Quality

1. Chapter Overview & Strategic Objectives

Off-grid scientific research requires an electrical infrastructure fundamentally superior to standard residential
off-grid installations. Delicate analytical hardware—such as thermal cyclers, Oxford Nanopore sequencers, mass
spectrometers, and high-gain photodiode transimpedance amplifiers—is highly vulnerable to power quality
anomalies. Voltage sags, frequency drift, switching transients, and high Total Harmonic Distortion (THD) cause
data corruption, instrument recalibration, and hardware failure.

This chapter details the engineering architecture of an 85.5 kWh/day off-grid generation and storage system
engineered specifically for scientific workloads. By coupling high-efficiency bifacial monocrystalline photo-
voltaics (18 kWp TOPCon) and a continuous micro-hydroelectric turbine (2.5 kW) with a 60 kWh Lithium Iron
Phosphate (

ext{LiFePO},

) Battery Energy Storage System (BESS), online double-conversion power conditioning, and single-point star-
grounding, this design achieves 99.999% uptime with

0 ext{ms}
transfer times and
< 1.5%
THD.

2. Sub-Headings & Theoretical Foundations

2.1 Laboratory & Homestead Load Profiling

Sizing an off-grid power plant begins with rigorous load characterization. Loads are divided into three physical

categories:

1. Inductive Loads: Electric motors, compressors, and pump drives (HPA pumps, refrigeration, fans) that
exhibit high inrush currents (

3 ext{——}7 imes

nominal running power) and inductive power factors (

cosp < 0.85

14
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2. Thermal Loads: Resistive heating elements (autoclaves, incubators, drying ovens, water heaters) exhibiting
unity power factor (

cosp =1.0

) and prolonged high continuous power draw.
3. Electronic Loads: Switched-mode power supplies (SMPS) powering microcontrollers, servers, LED drivers,
and scientific instruments that generate non-linear high-frequency current harmonics.

The total daily energy demand
E{ext{aaily}}

is calculated using the formula:

N
E{ext{daily}} = Z (Pnominal,i X thours,i X DUtyCyCIei)

i=1in

Homestead & Laboratory Daily Energy Budget Matrix

Workload De- Load Category Nominal Power ( Daily Hours ( Duty Cycle Daily Energy (

scription P ti E.

(2 K2

) ) )
ULT Laboratory Inductive / Ther- 650 W 24.0 hrs 0.55 8.58 kWh
Freezer ( mal

—80°C

)
CEA HPA High- Inductive 1,200 W 24.0 hrs 0.15 4.32 kWh
Pressure Water
Pumps
CEA Spectrally Electronic 4,500 W 16.0 hrs 0.85 61.20 kWh
Tunable LED Ar-
rays
Telemetry Server Electronic 350 W 24.0 hrs 1.00 8.40 kWh
Stack & Network
Microscopy & Electronic 450 W 4.0 hrs 0.50 0.90 kWh
PCR Lab Hard-
ware
Ventilation & Air Inductive 300 W 24.0 hrs 0.30 2.16 kWh
Aeration Blow-
ers
Total Daily En- 85.56 kWh/day
ergy Require-
ment

15
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2.2 Diversified Renewable Energy Generation Architecture
To ensure 365-day availability without over-sizing the PV array or BESS, generation is diversified across solar,
micro-hydro, and automated propane backup.

e R +
| OFF-GRID GENERATION ARCHITECTURE |
R R +
I I
| #--mmee + B R + B + |
| | 18 kWp Solar TOPCon| | 2.5 kW Micro-Hydro | | 12 kW Automated Genset| |
| | Bifacial Array | | Pelton Wheel | | (Propane / ATS) ||
| #--mmm e + Fomm e a e + T + |
I I I I I
| v v v |
| #----eeiee o + B e + B e + |
| | Victron MPPT RS | | 3-Phase Rectifier &| | Cerbo GX PLC & Dry |

| | 450/200 Solar Chg. | | PWM Dump Load Ctrl | | Contact Auto-Start |
| #---mee o + T + B + |
I I I I I
| B TR B I L + |
I I I
I v I
| Fmmm e e e eaao + |
| | 48V DC Common Bus Bar |
| T IR + |
L T L T +

A. Solar Photovoltaic (PV) TOPCon Array
The solar array consists of 42 bifacial N-type TOPCon modules rated at

430 Wp
each, yielding a nominal peak power of

18.06 kWp

. PV power output considering temperature degradation is modeled by:

G
B (T)= P — 1 T, —2
bv(T) sTc X 1000 X [1+y(Tie — 25)]

Where:
. G

w 2
ext{—}
m

. y = —0.30?0

is plane-of-array solar irradiance (

is the power temperature coefficient for TOPCon cells.
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NOCT — 20
. T . =T .. -
cell ambient + ( 800 )G

Modules are arranged in 6 parallel strings of 7 panels in series (

V =345V

oc, string
at

—10°C
) feeding two Victron SmartSolar MPPT RS 450/200 charge controllers communicating over VE.Can.

B. Micro-Hydroelectric Power Generation
A 2.5 kW micro-hydro Pelton wheel operates continuously on a year-round stream supplying

18 L/s
net flow (
Q
) at
20 m
vertical head (
H

). Hydraulic power delivered to the 3-phase permanent magnet alternator is governed by:
RlydrozntotalxpxngXH

Where:
. p = 1000kg/m3

(water density),

g=9.81m/s?
Ntotal = npenstock X Mhozzle X Thrunner X Malternator ~ 0.68

. B yaro = 0.68 x 1000 x 9.81 x 0.018 x 20 = 2,401.5 W continuous

57.6 kWh/day

).

The AC output of the alternator is rectified to DC via a 100A 3-phase bridge rectifier. A solid-state PWM dump
load controller shunts excess power to a 3 kW hydronic heating element when the BESS reaches 100% SoC.
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C. Automated Backup Generator Integration
A 12 kW propane generator with an electronic governor serves as tertiary backup. The generator is interfaced to
the Victron Cerbo GX via dry-contact auto-start relays. Auto-start triggers when BESS SoC falls below 20% for

> 15 minutes
or if cell temperature drops below

0°C

2.3 Battery Energy Storage System (BESS) Engineering

Chemistry Selection & Electrochemical Advantages
Lithium Iron Phosphate (

ext{LiFePO},

) is selected exclusively over NMC or LCO chemistries due to its operational safety, flat voltage discharge curve,
and cycle longevity.

LiFePO, Performance Metrics:
* Cycle Life:
> 6,000 cycles

at

80%
Depth of Discharge (DoD) before reaching

80%
initial capacity.

* Thermal Runaway Onset:
> 600°C
(compared to
210°C

for NMC), rendering oxygen release thermally impossible during short-circuit conditions.
* Volumetric Voltage Stability: Voltage holds between

3.20V--3.25V
per cell across
80%

of the discharge curve, minimizing voltage regulation strain on inverters.

Bank Sizing & Configuration
To provide 1.5 days of autonomy during dense overcast conditions without hydro assistance, usable capacity
must be

18
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60 kWh

Eau onom; 60 kWh
Total Bank Capacity = DotD Y — 080 - 75 kWh gross

The bank consists of 32 EVE 304Ah Grade-A
LiFePO,
cells arranged in a 16S2P configuration (

51.2 V nominal
608 Ah total

31.13 kWh
per branch,
62.26 kWh

total usable capacity).

BMS & Thermal Protection Circuitry

Each 16S branch is monitored by a Seplos 200A Smart BMS equipped with dual CAN-bus / RS485 communi-
cation protocols.

* Cold-Charge Interlock: Lithium plating occurs if

LiFePO,
cells are charged at
Ten < 0°C
. The BMS opens the charging MOSFETs if any temperature probe reads
< 3°C

* Active Thermal Heating: Flexible 24V silicone heating pads (100W per module) are bonded to aluminum
spreader plates between cells. Heating pads are energized automatically by the Cerbo GX when temperature
drops below

5°C
using excess hydro/solar generation.

2.4 Laboratory Power Quality & Galvanic Conditioning
Standard off-grid inverters introduce high-frequency switching noise and voltage harmonics that disrupt sensitive
instrumentation. Laboratory-grade power conditioning is achieved via a two-stage isolation architecture.
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o ooooo00000000000000055500000000000000000000000000000000000005500000000000000000000 +
| LABORATORY POWER CONDITIONING TRAIN |
L L +
I I
| - + B + R + |
| | 48V DC Common Bus |[------- >| Victron Quattro [------- >| Electrostatic ||
| | Bar | | 15kVA Inverter | | 1:1 Isolation Tx|

I R + oo - + R + |
I I I
I v I
I R + Fmmm e a e + T IR + |
| | Sensitive Lab |<------- | Single-Point Star |<------- | Isolated Lab |
| | Instrumentation | | Ground (<5 Ohm) | | Subpanel |
| #----eeiee e + R R + R + |
L T T +

Online Double-Conversion Topology & Galvanic Isolation
1. Victron Quattro 15kVA Inverter/Charger: Converts 48V DC to 120/240V AC split-phase with a continuous
power rating of

12.0 kW
at

25°C

2. 1:1 Electrostatic Faraday Shield Isolation Transformer: Interposed between the inverter AC output and
the lab subpanel. The electrostatic shield shunts common-mode noise (

Vem
) to earth ground, achieving
> 60 dB
attenuation at
100 kHz

3. Single-Point Star Grounding (IEEE 142): All lab instrument chassis, shield drains, and the isolation trans-
former secondary neutral are bonded to a single copper bus bar connected to three 3-meter copper-bonded
ground rods driven into bentonite-enhanced soil, maintaining ground impedance

R, < 5.00

2.5 Automated Energy Management System (EMS) & Priority Load Shedding
When solar insolation drops and battery SoC falls, the EMS prevents system collapse by executing automated
load-shedding via Modbus RS485 smart contactors.
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Priority Load Shedding Tiers

TIER 1: CRITICAL LOADS (Never Shed - SoC > 0%) |
- ULT Laboratory Freezers (-80°C) |
- Telemetry Server Stack & Network Infrastructure |
- CEA HPA Aeroponic Pumps & Emergency Air Aeration |

TIER 2: NON-CRITICAL PRODUCTION (Shed at SoC <= 50%)

- Dehumidifiers & Space Heating/Cooling Heat Pumps

- Water Distillation & High-Power Autoclaves

- Non-essential Laboratory Lighting & Auxiliary Outlets

| TIER 3: DISCRETIONARY CEA LIGHTING (Shed / Dim at SoC <= 30%) |
| - CEA LED Lighting Arrays (Dimmed to 30% intensity or shed) |
| - Non-essential Aeration & Secondary Water Pumps ||

3. Technical Diagrams & System Flowcharts

Diagram 2.1: Complete Off-Grid Single-Line Diagram (SLD)

[ PV ARRAY 18kWp ] [ HYDRO 2.5kW AC ] [ GENSET 12kW 1
I I I
(MPPT 450/200) (Rectifier) (Auto ATS)
I I I
Fomm e B e +
I
v

[ 48V DC BUS BAR (2000A) 1]

foccooooooooas focoooosooooas +
I I
v v
[ 60kWh BESS ] [ VICTRON QUATTRO 15kVA ]
(16S2P LiFeP04) |
(BMS CAN-Bus) (120/240V AC Output)
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v
[ ISOLATION TRANSFORMER 1:1 ]
(Faraday Electrostatic Shield)

v
[ MAIN LAB AC SUBPANEL ]

[ TIER 1 BREAKERS ] [ TIER 2 BREAKERS ]
(Freezer, HPA, Server) (Autoclave, Heat Pumps)

4. Practical Hands-On Project Plan

Final Master Edition

[ TIER 3 BREAKERS ]
(LED Arrays - Dimmed)

Project Plan 2.1: Construction & Commissioning of a 60 kWh LiFePO4 BESS

Goal

Assemble, wire, top-balance, and commission a 48V 1250Ah (62.2 kWh)

LiFePO,

battery system with CAN-bus BMS control, active thermal management, and automated safety contactors.

Bill of Materials (BOM)

Item Description Specification / Model Qty Est. Cost (USD) Vendor / Source
LiFePO, EVE 3.2V 304Ah Grade-A 32 $3,840 Docan Power / EVE
Battery Cells Prismatic Cells
Smart BMS Seplos V3 200A 16S BMS 2 $480 Seplos Technology
with CAN/RS485
Flexible Busbars Laminated Tinned Copper 30 $150 Current Connected
Busbars (
50mm?
)
Battery Enclosure Heavy-Duty Steel Cabinet 1 $650 Custom / Rack Solutions
with Compressed Racks
Silicone Heating Pads 24V 100W Adhesive Sili- 4 $80 Omega Engineering

cone Pads (

200 x 300 mm
)
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Class 0 Insulated Gloves 1000V~ Rated  Safety 1 pair
Gloves with Leather Pro-
tectors

Insulated Torque Wrench = 3/8" Drive 2-10 Nm Insu- 1
lated Torque Wrench

Total Estimated Cost

Safety Guidelines & Risk Mitigation

Final Master Edition

$95 Cementex
$185 Wiha Tools
$5,480

1. Short-Circuit Hazard: A 48V 1250Ah battery bank can deliver short-circuit currents exceeding

12,000 A

, causing arc flash and instant metal vaporization. Always wear Class 0 1000V rated insulated gloves and face

protection during assembly.

2. Torque Limits: M6 terminal posts on prismatic cells are made of soft aluminum. Torque bolts strictly to

4.5 Nm

using an insulated torque wrench. Overtightening will strip internal threads and cause cell destruction.

Step-by-Step Execution Instructions
1. Top-Balancing Process:

+ Connect all 32 cells in parallel (

1S32P
).
* Set bench power supply to
3.650 V
with a current limit of
30 A

 Charge continuously until total current draw drops below
1.5 A
at
3.650 V
. Allow cells to rest for 24 hours to confirm resting voltage

>3.55V

2. Mechanical Frame Assembly:
* Install cells into the steel enclosure separated by

1 mm

FR4 fiberglass insulation sheets to prevent case-to-case friction.

* Apply
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300 kg

compressive force across cell stacks using end-plates and threaded tie-rods to prevent cell swelling over
cycle life.
3. Electrical Wiring & BMS Integration:
» Wire two distinct 16S branches. Fasten flexible tinned copper busbars to M6 terminal posts at

4.5 Nm

» Connect Seplos BMS voltage sense leads (BO through B16) and NTC temperature sensors (4 per module).
* Wire BMS CAN-bus port to Victron Cerbo GX BMS-Can port using custom RJ45 pinout (Pin 7 CAN-H,
Pin 8 CAN-L).
4. Thermal Pad Installation:
 Adhere silicone heating pads to aluminum thermal plates positioned beneath the cell modules. Wire pads
through a 24V DC relay triggered by the Cerbo GX relay output.

Verification & Commissioning Criteria Matrix

Parameter Measurement Target Acceptance Threshold Status / Sign-Off
Cell Delta Voltage Resting cell voltage wvari- AV <5 mV [ 1PASS
ance across bank
BMS Communication CAN-bus packet capture on BMS parameters visible, [ 1 PASS
Cerbo GX zero error frames
High-Current Discharge 150A continuous load for 30 Temperature rise [ 1 PASS
Test minutes < 8°C
, zero busbar hot spots
Cold-Charge Cutoff Test Submerge NTC probe inice BMS opens charging MOS- [ 1 PASS
bath ( FET immediately
< 0°C
)
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Chapter 3: Controlled Environment Agriculture

(CEA) & Automated Hydroponics

1. Chapter Overview & Strategic Objectives

Controlled Environment Agriculture (CEA) replaces traditional soil-bound, weather-vulnerable field cropping
with precise, closed-loop environmental control. In a scientific homestead, CEA provides year-round food
security, medicinal plant production, and research crop standardization regardless of external seasonal extremes.

By employing High-Pressure Aeroponics (HPA), automated multi-channel fertigation, spectrally tunable LED
lighting arrays, and real-time Vapor Pressure Deficit (VPD) regulation, the homestead CEA subsystem achieves
up to

10 x

the yield per square meter compared to traditional field farming while consuming
95%

less water and
90%

less fertilizer.

2. Sub-Headings & Theoretical Foundations

3.1 Hydroponic & Aeroponic Subsystem Physics

High-Pressure Aeroponics (HPA) Droplet Physics

High-Pressure Aeroponics is the most resource-efficient hydroponic delivery method. Roots are suspended in an
enclosed dark chamber and atomized periodically with a nutrient solution. System performance depends critically
on droplet diameter (

I

| [ High Pressure Pump: 60-80 PSI ]

I I

| v

| [ Stainless Steel Atomizing Nozzle (0.15-0.30mm orifice) ]
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|

| v
| [ Liquid Jet Instability (Rayleigh-Plateau Breakup) 1

I I

| +---> [ Optimal Atomized Mist: 30-50 um droplets 1]
| - Maximizes Root Oxygen Exchange

| - Prevents Root Hair Burn & Asphyxiation

* Ideal Droplet Range (
30--50p m
): Droplets within this window adhere to root micro-hairs via capillary attraction without displacing root zone

oxygen.
* Droplet Size

> 100 m

: Behaves like Deep Water Culture (DWC), flooding root zones and drastically reducing oxygen diffusion rates.
* Droplet Size

< 10p m
: Forms a persistent dry aerosol fog that fails to deposit sufficient nutrient mass on root surfaces.

The mean droplet diameter generated by Rayleigh liquid jet breakup through a misting orifice is governed by:

1/6inin
d ..
dy ~ 1.89 X d 0 X (1 +3 (@))
1

Where
Aorifice
is nozzle diameter (
0.15--0.30 mm

),

p
is solution density,

g
is surface tension, and

I

is dynamic viscosity. Operating line pressure must be maintained between

60--80 PSI

4.1--5.5 bar
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) with solenoid burst timing set to
2.0 seconds ON
every

180 seconds OFF

3.2 Automated Closed-Loop Fertigation Engineering
Automated fertigation maintains electrical conductivity (EC) and pH within strict physiological windows using
closed-loop PID control.

e e +
| CLOSED-LOOP FERTIGATION PID FEEDBACK |
R e i e +
I I
| #--mmeee + B + TR + |
| | EC / pH Sensors in |[------- >| Sliding-Window [------- >| PID Control |
| | Mixing Tank | | Kalman Filter | | Algorithm |
| #--mmee + B + Fomm e + |
I I I
| v |
| #----eeieem o + R + R R + |
| | Mixing Tank |<------- | Peristaltic Dosing |<------- | PWM Relay |
| | Solution | | Pumps (A, B, C, pH)| | Pulse Output ||
| - + B + R + |
R e e +

The PID controller adjusts peristaltic pump pulse widths
u(t)
based on error

e(t) = SP — PV

de(t)
dt

u(t) = Kpe(t) + K; /t e(r)dr + K,
0

Where:
. Kp, K, K,

are proportional, integral, and derivative gains tuned via Ziegler-Nichols frequency response.
* Raw sensor signals from glass electrode pH probes and 4-electrode graphite EC probes are passed through a
sliding-window Kalman filter to eliminate high-frequency pump electrical noise.
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Fertigation Nutrient Control Parameters

Crop Type Target EC ( TargetpH Primary Nutrient Ratio Target DO (
mS/cm (N:P:K) mg/L
) )
Leafy Greens (Lettuce/ 1.2—1.6 5.6 —6.0 100 : 50 : 200 ppm > 75
Spinach)
Fruiting Crops (Tomatoes/ 2.0 —2.8 5.8 —6.2 150 : 80 : 300 ppm > 7.0
Peppers)
Medicinal Herbs / Cannabis 1.8—24 5.8 —6.3 120 : 60 : 240 ppm > 8.0

3.3 Vapor Pressure Deficit (VPD) &

Co,

Microclimate Control
Vapor Pressure Deficit (VPD) is the absolute difference between the saturation vapor pressure inside the leaf
sub-stomatal cavity (

VP

sat
) and the actual vapor pressure of the surrounding ambient air (

VP

air
). VPD dictates plant transpiration rates and nutrient uptake velocity.

1727 xT

VP_ . (T) = 0.61078 Sl X P
sat(T) % eXp(T 12373

) quad [in kPa]
H
VPair(T7RH) = VPsat(T> X (%)

VPD = VPsat (Tieaf) - VPair (T

air»

RH)

Assumptions: Leaf temperature

Tieat
is typically
1.5--2.0°C
cooler than ambient air
T,

air

due to evaporative cooling.

28



The Scientific Homestead: Systems Architecture & Metrology Final Master Edition

e e +
| VPD OPTIMIZATION TARGET ZONES |
T L I LR +
I I
| [ <0.4 kPa ] ----> DANGER: High humidity, zero transpiration, fungal pathogens |
| [ 0.4 - 0.8 kPa ] -> PROPAGATION / CLONING ZONE: High RH prevents transpiration |
| [ 0.8 - 1.2 kPa ] -> VEGETATIVE STAGE ZONE: Maximum stomatal conductance |
| [ 1.2 - 1.5 kPa ] -> FLOWERING / FRUITING ZONE: Accelerated nutrient uptake |
| [ > 1.8 kPa 1 ----> DANGER: Severe drought stress, stomatal closure, tip burn |
B e i e i +
CO,

Enrichment Integration
Carbon dioxide concentration is maintained at

1,000--1, 200 ppm

using an NDIR sensor coupled to a dual-stage gas regulator and solenoid valve. Elevated

CO,
boosts photosynthetic assimilation by up to
35%
when quantum light flux (PPFD) exceeds
1 2
600,20/ ™

3.4 Spectrally Tunable Quantum Light Engineering
Plant photomorphogenesis is driven by Photosynthetically Active Radiation (PAR,

400--700 nm
) and extended red/UV spectra (
380--750 nm
).
B e i e i +
| 5-CHANNEL SPECTRALLY TUNABLE LED ARRAY |
e e +
| |
| [ Ch 1: UV-A (385 nm) ] ----- > Stimulates Secondary Metabolites & Terpenes |
| [ Ch 2: Deep Blue (450 nm) ] --> Drives Cryptochrome, Prevents Stretching |
| [ Ch 3: Mint Green (570 nm) ] -> Penetrates Deep Canopy Architecture |
| [ Ch 4: Hyper Red (660 nm) ] -> Peak Chlorophyll A/B Absorption |
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| [ Ch 5: Far Red (730 nm) ] ---> Emerson Enhancement Effect & Flowering Trigger

Light Metrics Calculation
* Photosynthetic Photon Flux Density (PPFD): Photons per second per unit area (

mol/m?
s

).
* Daily Light Integral (DLI): Cumulative daily photon dose (
mol/m?
day
):
DLI = PPFD X t,,,.s X 3,600 x 107" = PPFD x t, . X 0.0036
Target DLIs:
2
1 6mol /m
day
for leafy greens (
PPFD = 250
t =18 hrs
);
3 mol/m?
day
for fruiting crops (
PPFD = 800
t =12 hrs

).

3.5 Multispectral Computer Vision & Early Stress Detection

Early identification of crop stress (nitrogen deficiency, drought, pythium root rot) is achieved using a dual-camera
multispectral vision pipeline. A Raspberry Pi 4 equipped with a Pi NoIR camera and custom dual-band optical
filter measures reflected red (

660 nm

) and near-infrared (
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850 nm

) light to calculate Normalized Difference Vegetation Index (NDVI):

NDVI = INIR — IRed

Inir + Trea
Healthy, non-stressed crop canopies exhibit
NDVI
values between
0.72--0.88
. Drops below
0.60

trigger automated root zone inspection alerts.

3. Technical Diagrams & System Flowcharts

Diagram 3.1: Automated Fertigation Plumbing & Sensor Flow Loop

| MAIN RECIRCULATING RESERVOIR |
I (200 L DWC / HPA) |

e I R +
| N
| Solution Suction | Drain Return
v I
B + R +
| High Pressure Pump| | Root Chamber Mist |
| (80 PSI Diaphragm) | | Accumulator
B e + e +
| ~
v | Atomized Mist
R R + R + R +
| Bypass Loop with |[---->]| Sensor Manifold |---->|] Solenoid Valve |
| Pressure Reg. | | (EC / pH / Temp / | | (2 sec ON / |
R R T + | DO Probes) | | 180 sec OFF)
~ R + L +
I I
| Nutrient Dosing v Data Signal
e + B +
| Peristaltic Pumps |<----| Edge Controller |
| (Part A, B, pH-) | | (ESP32-S3 / PLC) |
R + R +
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4. Practical Hands-On Project Plan

Project Plan 3.1: Construction & Calibration of an HPA Aeroponic Array with 4-
Channel Fertigation

Goal
Construct a

4--unit

High-Pressure Aeroponic root module with automated 4-channel peristaltic fertigation dosing, closed-loop pH/
EC sensing, and solenoid burst control.

Bill of Materials (BOM)

Item Description Specification / Model Qty Est. Cost (USD) Vendor / Source
High-Pressure Water Pump Aquatec 8800 Booster Pump 1 $145 Aquatec
(100 PSI, 24V DC)
Atomizing Misting Nozzles = Stainless Steel 0.20mm Orifice ~ 8 $48 MistCooling
—inin
NPT Nozzles
High-Pressure Accumulator 2-Gallon Pre-pressurized Blad- 1 $65 Aquatec / Amo
der Tank (
80 PSI
)
Peristaltic Dosing Pumps = Kamoer KPP-3 12V DC Stepper 4 $120 Kamoer
Dosing Pumps
Industrial Glass pH Probe  Double Junction BNC pH Sen- 1 $75 Atlas Scientific
sor
4-Electrode EC Probe K=1.0 Graphite Conductivity 1 $95 Atlas Scientific
Sensor
Microcontroller PL.C ESP32-S3-DevKitC-1 with Op- 1 $35 Espressif / Mouser
tocoupled Relays
Solenoid Val 1 4 60 U.S. Solid
olenoid Valves 94V DC Zinin $ oli
Fast-Response Brass Solenoid
Total Estimated Cost $643

Safety Guidelines & Risk Mitigation
1. High Hydraulic Pressure: Line pressures reach

80 PSI
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5.5 bar
). Use braided reinforced PV C tubing rated for
> 150 PSI

with push-fit locking clips. Bleed pressure fully before servicing misting manifolds.
2. Chemical Handling: Acidic pH adjustment solutions (

H,PO,

85%
) cause severe skin burns. Wear neoprene aprons, splash goggles, and butyl gloves during reservoir chemical
fills.

Step-by-Step Execution Instructions
1. Root Chamber Construction:

* Modify four 100L heavy-duty opaque tote bins. Drill
30 x 3--inch

holes in top lids for net pots.
+ Install misting manifolds inside each bin using

—inin

2
food-grade PEX tubing. Mount 2 misting nozzles per bin pointing upward at a
45°
angle toward net pot bases.
2. High-Pressure Plumbing Assembly:

* Plumb Aquatec 8800 pump outlet to the 2-gallon pressure accumulator tank. Plumb accumulator output
through an inline

50u m

stainless steel filter to the 24V fast-response solenoid valves.
» Connect solenoid outlets to root chamber misting manifolds using

—inin
4

LLDPE tubing.
3. Sensor & Dosing Loop Setup:
e Plumb a low-flow bypass loop from main reservoir through an inline sensor manifold holding pH and
EC probes.
» Connect pH and EC probe BNC connectors to Atlas Scientific EZO-pH and EZO-EC carrier boards wired
via

I2C
to the ESP32-S3.

* Mount 4 Kamoer peristaltic pumps for Nutrient A, Nutrient B, Calcium Nitrate, and pH Down (
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H,PO,
).

4. Firmware & PID Calibration:
* Flash ESP32-S3 with ESPHome / C++ fertigation code. Configure solenoid timer to

20sON

. FF
180 * ©

* Perform 2-point calibration of EC sensor (
1,413p S/cm
and
12,880u S/cm

) and 3-point calibration of pH sensor (pH 4.01, 7.00, and 10.01).
Verification & Commissioning Criteria Matrix

Parameter Measurement Target Acceptance Threshold
Mist Pressure Line Pressure gauge on accumula- Stable
tor tank 60— 80 PSI

during burst

Droplet Size Verification Laser diffraction or micro- Visual confirmation of fine

scope slide catch mist (
< 50p m
)
pH Dosing Accuracy Target pH 5.80 setpoint Settles within
+—0.10 pH
in
< 10 min
EC Dosing Accuracy  Target EC 1.80 mS/cm set- Settles within
point

+—0.05 mS/cm
in

< 15 min
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Chapter 4: Environmental Sensing Networks, lIoT

Telemetry & Spatial Data

1. Chapter Overview & Strategic Objectives

A scientific homestead requires continuous, high-density spatial monitoring across microclimates, soil horizons,
water purification channels, and energy subsystems. Commercial agricultural sensors are often proprietary,
locked behind subscription cloud platforms, and ill-suited for deep integration into localized automated control
loops.

This chapter details the design, assembly, and deployment of an open-source, sub-GHz LoRaWAN environmental
sensing network and real-time telemetry stack. By deploying solar-harvesting field nodes operating at sub-10

uwA

sleep currents, the system captures high-fidelity spatial data (SDI-12 soil moisture profiles, microclimate ambient
parameters, PAR quantum flux, gas concentrations) and routes telemetry into a self-hosted time-series data
warehouse for automated decision-making and real-time alerting.

2. Sub-Headings & Theoretical Foundations

4.1 Sub-GHz Wireless Protocol Selection & Network Topology
Wireless communication across rural terrain and agricultural canopies presents severe radio frequency (RF)
attenuation challenges. High-frequency

2.4 GHz

signals (Wi-Fi, Bluetooth, Zigbee) suffer extreme absorption by water molecules in foliage and atmospheric
humidity.

| [ 2.4 GHz Wi-Fi / Zigbee ] --> High Bandwidth (Mbps) | Range < 100m | Foliage
Blocked|

| [ 915 MHz Sub-GHz LoRa ] --> Low Bandwidth (kbps) | Range > 3km | High
Penetration|

RF Path Loss Modeling
Radio wave propagation across rural agricultural terrain is governed by the Log-Distance Path Loss Model:
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d
PL(d) = PL(d,) + 10 - n - logy (d—> + X Gema
0

Where:
. PL(d)

is total path loss in decibels (

dB
) at distance
d
¢ PL(dy)
is path loss at reference distance
dy=1m
(
41.5 dB
at
915 MHz
)
. n
is path loss exponent (
n=2.0
in free space,
n = 3.5--4.2
in dense crop foliage/timber).
° X sigma

is a zero-mean Gaussian random variable representing shadow fading (

oc~6.0dB

At
915 MHz
, LoRa Chirp Spread Spectrum (CSS) modulation achieves a link budget of
154 dB
, enabling reliable non-line-of-sight (NLOS) packet transmission across

d > 3.5 km
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through heavy crop canopies where
2.4 GHz
links fail within

120 m

Modulation Parameters & Adaptive Data Rate (ADR)
LoRa parameter selection balances range against airtime and power consumption:

» Spreading Factor (SF7 to SF12): Higher SF increases receiver sensitivity (down to

—137 dBm
at SF12) at the cost of longer packet airtime (
Iy
).
* Bandwidth (BW): Set to
125 kHz

for optimal long-range performance.
« Adaptive Data Rate (ADR): The ChirpStack network server automatically optimizes each node’s SF and
transmit power (

P

tx

) based on historical signal-to-noise ratio (SNR) measurements.

4.2 Ultra-Low-Power Field Node Engineering
Field nodes must operate autonomously for

10 +
years powered by small energy-harvesting hardware.

e e T e +
| SOLAR-HARVESTING FIELD NODE POWER TRAIN [
B i T i +
I I
| #--mmee + B T + Fomm e + |
| | 0.5W Solar Panel |------- >| CN3065 Solar LiPo |------- >| 3.7V 2600mAh |
|  (5.5V monocrystal) | | Charger IC | | 18650 LiFeP04 ||
| #--mmee + o m e e - + R + |
I I I
| v |
| #----eeiee e + R LT + P + |
| | Sensors (SDI-12 / |<------- | TPS62840 Ultra-Low |<------- | STM32WL / ESP32 |

| | BME280 / ADC) | | IQ Buck Regulator | | Deep Sleep Micro]

| #---mee o + T + R R + |
R e i e +
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Node Power Budget Analysis
To achieve indefinite energy autonomy, average current draw

Iavg

must be less than harvested current

Iharvest

I _ (Iactive X tactive) + (Isleep X tsleep)

avg
tactive + tsleep

Duty Cycle Calculations
» Active Phase (

tactive =25s
): Sensor warm-up, SDI-12 read, LoRa SF9 transmit at
+14 dBm
Iactive =45 mA
* Sleep Phase (
tsleep = 897.5 8

): Microcontroller in deep sleep, sensor power rail cut via high-side P-channel MOSFET.
Isleep = 68“ A
* Total Cycle Period (
T =900 s = 15 minutes

):
I, = (45 mA x 2.5 s) +9((§)60:68 mA x 897.5 s) _ 112.59;(—)6.10 — 01317 mA quad (131.74 A)
A standard
2,600 mAh
LiFePO4 cell provides over
1.9 years

of continuous operation even under zero-solar dark conditions.
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4.3 Sensor Payload Capabilities & Signal Interfacing
Field nodes support diverse analog and digital sensor interfaces.

Sensor Interface Protocols

T e TS +
| SENSOR INTERFACE PROTOCOL TOPOLOGY |
B i T i +
I I
| [ SDI-12 Protocol ] -------- > Multi-Depth Soil Moisture / Temp / EC Probes |
| [ I2C Bus (3.3V) ] --------- > BME280 Atmospheric / ADS1115 16-Bit ADC |
| [ RS485 Modbus RTU ] ------- > Ultrasonic Wind Anemometers / Pyranometers

| [ Analog (0-2.5V) ] -------- > SQ-110 PAR Quantum Flux / Electrochemical Gas |
I I
B e e L +

1. SDI-12 (Serial Digital Interface at 1200 Baud): SDI-12 is a single-wire bi-directional bus standard operating
at

1200 baud
(
12V
power,
5V

logic). A single node interface queries multi-depth profile probes (e.g., Sentek Drill & Drop) measuring
volumetric water content (VWC %), temperature (

°C

), and pore water EC (

dS/m
) at

10cm

30cm

50cm
,and

90cm
soil depths simultaneously.

2. 12C

Atmospheric Sensors: BME280 humidity/pressure/temperature sensors and ADS1115 16-bit delta-sigma
ADCs operate on an isolated
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3.3V

bus driven by TPS22919 load switches.

3. High-Precision Analog Conditioning: Low-output analog signals (e.g., microvolt Pyranometer signals) are
buffered through precision chopper-stabilized operational amplifiers (zero-drift OPA333) before sampling to
eliminate offset voltage drift.

4.4 Ingestion, Storage & Real-Time Alerting Pipeline
The open-source software stack converts raw binary LoRaWAN radio packets into actionable time-series visual-
izations and automated control triggers.

R e i e +
| TELEMETRY INGESTION & STORAGE PIPELINE |
e T +
I I
I R + Fom e a e + Fomm e + |
| | Solar Field Node | =======>| LoRaWAN Gateway | =======>| ChirpStack LNS | |
| | (Sub-GHz RF) | LoRa | (RAK7249 8-Ch) | UDP | Network Server |

| #----eeieem o + B + Fom e - + |
| I I
| v MQTT [
| #---mee e + B + TR + |
| | Grafana Dashboards |<------- | InfluxDB v2 |<------- | Mosquitto MQTT | |
| | & Telegram Alerting| | Time-Series DB | Telegraf| Broker Stack ||
I R + oo - + R + |
e e T +

3. Technical Diagrams & System Flowcharts

Diagram 4.1: LoRaWAN Architecture & Data Pipeline Topology

[ Field Node 1: Soil ] [ Field Node 2: CEA ] [ Field Node 3: Weather ]

v (915 MHz Sub-GHz RF)
[ RAK7249 LORAWAN GATEWAY ]
I
v (Ethernet / MQTT)
[ CHIRPSTACK NETWORK SERVER 1]
|
v (JSON Telemetry Payload)
[ MOSQUITTO MQTT BROKER ]
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Y v
[ TELEGRAF ENGINE ] [ NODE-RED AUTOMATION ]
I I
\ \
[ INFLUXDB TIME-SERIES ] [ ACTUATOR RELAYS ]
I
v
[ GRAFANA DASHBOARDS ]

4. Practical Hands-On Project Plan

Project Plan 4.1: Building & Deploying a Solar-Powered LoRaWAN Weather & Soil
Station

Goal
Construct, program, and deploy an IP67 solar-powered sub-GHz LLoRaWAN field node carrying an SDI-12 soil
moisture profile probe, BME280 weather sensor, and SQ-110 PAR sensor.

Bill of Materials (BOM)

Item Description Specification / Model Qty Est. Cost (USD) Vendor / Source
LoRa MCU Module Seeed Studio E5 1 $18 Seeed Studio
STM32WLESJC Development
Board
SDI-12 Soil Probe Sentek Drill & Drop 60cm Pro- 1 $420 Sentek Sensor Tech
file Probe (4 Depths)
BMEZ280 Sensor Module  Bosch BME280 Temperature/ 1 $12 Adafruit / Mouser
Humidity/Pressure
Solar Charging IC CN3065 Mini Solar Charger 1 $6 SparkFun
Board with JST
Monocrystalline Solar Cell 0.5W 5.5V Epoxy Monocrys- 1 $8 Adafruit
talline Solar Panel
LiFePO4 Cell 3.2V 2600mAh 18650 Battery 1 $9 Battery Junction
Cell
Waterproof Enclosure IP67 Hinged Enclosure with Ca- 1 $24 Bud Industries
ble Glands & Vent
Total Estimated Cost $497

Safety Guidelines & Risk Mitigation
1. Enclosure Pressure Equalization: Direct solar heating causes internal enclosure temperatures to reach

> 65°C

, building severe internal air pressure. Always install a hydrophobic Gore pressure equalization vent to prevent
seal rupture and moisture ingress.
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2. Lithium Battery Safety: Never use standard Li-ion chargers with LiFePO4 cells. LiFePO4 termination
voltage is

3.65V
(vs
4.20V

for NMC). Overcharging causes permanent electrolyte decomposition.
Step-by-Step Execution Instructions
1. Hardware Interfacing & Assembly:
* Mount CN3065 charger, 18650 LiFePO4 holder, and Seeed E5 module on a custom prototype PCB inside
the Bud IP67 enclosure.
* Wire SDI-12 data line to E5 GPIO pin with a

4.7k Q
pull-up resistor to
5V

. Wire 12V DC boost converter (activated by P-FET prior to sampling) to power the SDI-12 probe.
* Connect BME280 sensor via

I2C
(SDA/SCL). Install SQ-110 PAR sensor to ADS1115 ADC input channel 0.
2. Firmware Programming:
 Flash STM32WL microchip with C++/Arduino low-power firmware using STM32CubelDE.
+ Implement SDI-12 query commands (?!, M!, DO!) to extract profile volumetric water content data.

+ Pack telemetry variables into a compact 12-byte binary payload buffer using bit-shifting to minimize radio
airtime:

// Compact 12-Byte Payload Buffer Allocation
uint8 t payload[12];
uintl6 t temp = (uintl6 t)((bme_temp + 40.0) * 100); // 2 bytes

uintl6 t hum = (uintl6 t)(bme_hum * 100); // 2 bytes
uintl6 t vwcl = (uintl6 t)(sdi_vwc_10cm * 100); // 2 bytes
uintle t vwc2 = (uintl6 t)(sdi_vwc_30cm * 100); // 2 bytes
uintl6e t par = (uintl6 t)par_quantum flux; // 2 bytes

uintlé t vbat = (uintl6 t)(battery voltage * 1000); // 2 bytes

3. ChirpStack Decoder Configuration:
+ Configure a custom JavaScript payload decoder in ChirpStack to unpack binary bytes into structured JSON
metrics for Telegraf/InfluxDB.
4. Field Deployment & Commissioning:
* Install solar node on a 2-meter galvanized steel mast in the field crop zone. Drive SDI-12 Drill & Drop
probe into undisturbed soil using a specialized pilot auger.

Verification & Commissioning Criteria Matrix

Parameter Measurement Target Acceptance Threshold Status / Sign-Off
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Deep Sleep Current Current draw during sleep

phase

LoRaWAN Uplink Signal RSSI/ SNR at gateway

SDI-12 Soil Data Integrity 4-depth VWC profile read-

ings

Solar Charging Function Solar battery charge current

in full sun

43
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<10.0p A [ ] PASS

measured via micro-amme-
ter

RSSI [ 1 PASS
> —110 dBm
, SNR
> —5 dB
Valid VWC percentages (
5% — 45%

)
> 80 mA

[ 1 PASS

[ 1 PASS
charge current at

3.40V
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Chapter 5: Soil Biology Microscopy, Aerated Com-

post Teas & Point-of-Need Metagenomics

1. Chapter Overview & Strategic Objectives

Soil is not an inert anchor for plant roots; it is a dense, highly complex biological super-organism driven by
soil food web interactions. Conventional agronomy relies almost exclusively on N-P-K chemical synthetic salt
inputs, destroying soil micro-ecology, degrading biological soil structure, and accelerating nutrient leaching.

This chapter details the operational protocols for establishing a point-of-need biological laboratory on the
scientific homestead. By combining direct brightfield optical microscopy, commercial-grade Aerated Compost
Tea (ACT) brewing, Top-Lit Updraft (TLUD) biochar pyrolysis, and portable Oxford Nanopore MinION
metagenomic sequencing, the scientific homesteader can quantify biological functional groups, eliminate plant
pathogens, and engineer soil ecosystems for maximum biological fertility.

2. Sub-Headings & Theoretical Foundations

5.1 Quantitative Biological Analysis Protocols & Direct Microscopy
Direct microscopy allows immediate quantification of key soil food web organism groups: bacteria, fungi,
flagellates, amoebae, ciliates, and nematodes.

B i T i +
| DIRECT MICROSCOPY ASSESSMENT PROTOCOL |
e I +
I I
| [ 1. Soil Dilution Slurry ] ---> 1g Soil + 9mL Deionized Water (1:10 Dilution) |
| [ 2. Slide Preparation ] ------ > Pipette 10 uL onto Neubauer Hemocytometer

| [ 3. Shadow Contrast ] -------- > 400x Magnification Shadow-Contrast Optics |
| [ 4. Biomass Quantification ] -> Count Bacterial Cells, Measure Fungal Diameter |
| |

Fungal-to-Bacterial (

F:B
) Biomass Calculations
The fungal-to-bacterial biomass ratio (

F:B

) is calculated by measuring total hyphal length and diameter across 20 random microscope fields:
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Z(Tr X r}21ypha X Lhypha) X pfungal X Dfactor
Sample Weight

Fungal Biomass (u g/g) =

Nbacterial X V(;ell X Ppacterial X Dfactor
Sample Weight

Bacterial Biomass (u g/g) =

Where:
) Thypha
and
Lhypha
are hyphal radius and length (
L m
).
) Ptungal = 033g/cm3
(dry weight density),
Practerial — 033g/cm3
) Voen = 0.5um3

(average bacterial cell volume).
° D, factor

is the volumetric dilution factor.

Target Fungal-to-Bacterial (

F:B
) Ratios Across Crop Systems
Crop / Ecosystem Type Target Primary Nitrogen Form Pre- Biological Succession Stage
F:B ferred
Ratio
Brassicas & Weeds 01:1 Nitrate ( Early Successional / Bacterial
NO; Dominated
)
Vegetables & Vegetables 1.0:1 Balanced Mid-Successional / Balanced
NO3
NH;
Orchards & Soft Fruits 5.0:1 Ammonium ( Late Successional / Fungal
NH} Dominated
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)
Conifers &  Hardwood 100.0:1 Ammonium ( Climax Ecosystem / Highly
Forests NH] Fungal
)

5.2 Aerated Compost Tea (ACT) & Extract Science
Aerated Compost Tea (ACT) is a liquid biological inoculum produced by extracting and culturing beneficial soil
food web organisms from high-quality compost under continuous forced aeration.

B i +
| ACT DISSOLVED OXYGEN DYNAMICS |
e e +
| I
| [ DO>6.0mg/L ] ------ > AEROBIC ZONE: Exponential growth of beneficials [
| [ 2.0 -6.06mg/L ] ----- > HYPOXIC ZONE: Facultative growth, reduced diversity |
| [ <2.0mg/L ] --------- > ANAEROBIC ZONE: Pathogen proliferation (E. coli) |
I I
e I e +

Dissolved Oxygen Kinetics & Feedstock Formulations

Dissolved Oxygen (
DO
) must remain strictly above
6.0 mg/L
throughout a 24-hour brew cycle. If
DO
drops below
2.0 mg/L

, facultative anaerobes rapidly proliferate, producing toxic anaerobic alcohols and encouraging human pathogens
(E. coli, Salmonella spp.).

Custom ACT Brew Formulations (per 200 L Water)
1. Fungal-Dominated Brew:

2.0 kg
high-fungal compost,

250 mL
humic acids,

250 mL
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liquid kelp meal,
150 g

hydrolyzed fish protein. (Do NOT add simple sugars/molasses).
2. Bacterial-Dominated Brew:

2.0 kg
vermicompost,
350 mL
unsulfured blackstrap molasses,
100 g

kelp meal.

5.3 Point-of-Need Molecular Biology & Genomics
Direct microscopy quantifies morphological groups but cannot identify species-level pathogens or specific
metabolic gene clusters (e.g., nitrogen fixation

nifH
genes). The homestead bio-lab bridges this gap using Oxford Nanopore MinION DNA sequencing.

T e TS +
| POINT-OF-NEED MINION METAGENOMIC PIPELINE |
B i T i +
I I
| [ 1. Bead-Beating Extraction ] -> Lyse Soil Cells via Zirconia Bead Beater

| [ 2. Magnetic Bead Clean ] ----> Purify High Molecular Weight (HMW) DNA |
| [ 3. Rapid Barcoding Prep ] ----> Attach Nanopore Sequencing Adapters (SQK-RBK) |
| [ 4. MinION Sequencing ] ------- > Load Flongle / MinION Flowcell (USB3 Interface) |
| [ 5. Kraken2 / Bracken ] ------- > Real-Time Taxonomic Classification |
| |
R e e +

Oxford Nanopore MinlON Workflow
1. HMW DNA Extraction:

0.25 g

soil sample is subjected to bead-beating lysis in CTAB buffer, followed by magnetic bead (SPRI) purification
to yield high molecular weight (

> 20 kb

) genomic DNA.
2. Library Preparation: Rapid Barcoding Kit (SQK-RBK110.96) transposase attaches sequencing adapters
ina

15-minute
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isothermal reaction without PCR amplification.
3. Sequencing & Bioinformatics: The library is loaded onto a Flongle flow cell (

100--300 Mbp

yield) connected via USB-C to the lab workstation. Real-time basecalling (Guppy / Dorado neural network
model) generates FASTQ files. Taxonomic classification is performed using Kraken2 against the SILVA
16S/18S ribosomal RNA database and RefSeq microbial genomes.

5.4 Biochar Characterization & Pyrolysis Science
Biochar is porous, highly stable aromatic carbon generated via high-temperature thermochemical pyrolysis of
recalcitrant biomass in the absence of oxygen.

R I e +
| TLUD PYROLYSIS RETORT MECHANISM |
e e e +
I I
| [ Top Ignition Layer ] ------------ > Creates downward thermal pyrolysis front

| [ Pyrolysis Zone (450 - 650°C) ] --> Volatilizes wood syngas (CO, H2, CH4) |

| [ Anoxic Charcoal Bed ] ----------- > High surface area aromatic carbon residue |

I I
B i T i +

Pyrolysis Chemistry & Pre-Charging (“Inoculation”)
* Pyrolysis Reaction (

450--650°C

): Converts cellulose and lignin into condensed polycyclic aromatic hydrocarbon structures with specific
surface areas exceeding

m2
300—
g

(BET analysis) and high Cation Exchange Capacity (CEC).
* The Nitrogen Lockout Danger: Raw, raw-quenched biochar acts as a biological and chemical sponge. If
applied directly to soil, it adsorbs available soil nitrates (

NOj3
) and ammonium (
+
NH,
), causing severe plant nitrogen starvation.

* Biological Inoculation Protocol: Prior to soil application, raw biochar must be pre-charged by saturating it
with a

1:1

mixture of Aerated Compost Tea (ACT), fish hydrolysate, and rock dust for 14 days, populating pores with
beneficial microbes and saturating binding sites with plant-available nutrients.
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3. Technical Diagrams & System Flowcharts

Diagram 5.1: On-Farm Biological Lab Workflow & MinlON Metagenomics Pipeline

[ SOIL SAMPLE / COMPOST ]

B e +
I I
% v
[ OPTICAL MICROSCOPY ] [ MOLECULAR GENOMICS ]
I I
(Direct Shadow Contrast) (Bead-Beating Lysis)
I I
(F:B Ratio & Nematodes) (SPRI Magnetic Bead Clean)
| I
% v
[ MANUAL COUNT SHEET ] [ MINION SEQUENCING ]

| v
| [ KRAKEN2 / BRACKEN ]
I

[ SOIL FOOD WEB METRICS BOARD ]

4. Practical Hands-On Project Plan

Project Plan 5.1: Construction of a 208L ACT Brewer & MinlON Soil Metagenomic
Pipeline

Goal
Build a 208L. commercial-grade vortex aeration compost tea brewer and execute a complete soil metagenomic

sequencing run using the Oxford Nanopore MinION.
Bill of Materials (BOM)

Item Description Specification / Model Qty Est. Cost (USD) Vendor / Source
Commercial Air Pump  Active Aqua 110W Commer- 1 $125 Hydrofarm
cial Air Pump (
110 L/min
)
208L Conical Tank 55-Gallon 1 $245 Chem-Tainer
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60°
Conical Bottom Inductor Tank
Aeration Ring Piping .
—1nin
4

Schedule 80 PVC with

—inin
16

Drilled Air Orifices

MinION Sequencer Oxford Nanopore MinION
Mk1B USB3 Sequencer

MinION Flongle Adapter Flongle Flowcell Adapter for
MinION Mk1B

Flongle Flow Cells Flongle Flow Cells (Pack of
12)
DNA Extraction Kit ZymoBIOMICS DNA Micro-
prep Kit (50 Preps)
Rapid Barcoding Kit Oxford  Nanopore  SQK-
RBK110.96
Total Estimated Cost

Safety Guidelines & Risk Mitigation

$35

$1,000

$250

$1,080

$210

$650

$3,595

Final Master Edition

SupplyHouse

Oxford Nanopore Tech

Oxford Nanopore Tech

Oxford Nanopore Tech

Zymo Research

Oxford Nanopore Tech

1. Biological Containment: Soil and compost extracts can harbor opportunistic pathogens (Aspergillus fumi-
gatus, Clostridium spp.). Perform all DNA extractions inside a Class II biosafety cabinet or HEPA laminar

flow hood wearing nitrile gloves and a lab coat.

2. Chemical Reagent Hazards: CTAB extraction buffers contain cetyltrimethylammonium bromide (corrosive,
irritant). Phenol-chloroform steps (if used) require chemical fume hood containment.

Step-by-Step Execution Instructions
1. Vortex ACT Brewer Construction:
* Mount the 208L

60°
conical tank on a heavy-duty steel stand.
 Construct a circular bottom aeration ring using
3. ;
—Inin
4
Schedule 80 PVC. Drill
—inin
16
air orifices spaced every
5cm
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directed downward at a
45°

angle.
+ Connect aeration ring to the

110 L/min

air pump via reinforced silicone hose. Verify continuous turbulent vortex circulation without dead zones.
2. Executing a 24-Hour Brew:
* Fill tank with

200 L
dechlorinated water (

DO > 8.0 mg/L

). Turn on air pump.

» Suspend

2.0 kg
high-fungal compost in a

4000 m
mesh bag inside the vortex cone. Add

250 mL
humic acid and

250 mL

liquid kelp.
* Brew continuously for 24 hours. Verify

DO > 6.5 mg/L

throughout cycle using a dissolved oxygen meter.
3. DNA Extraction & MinION Metagenomic Sequencing:
* Sample

0.25 g

compost tea sediment. Extract HMW genomic DNA using the ZymoBIOMICS Microprep kit with high-
speed bead beating (

6.5 m/s

for 5 minutes).
* Quantify DNA concentration using Qubit fluorometer (

> 10 ng/ mu L

required).
+ Perform Rapid Barcoding library prep (SQK-RBK110.96). Load
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8u L

prepared library onto a primed Flongle flow cell.
* Initiate 12-hour sequencing run in MinKNOW software. Run basecalled FASTQ files through Kraken2
using the SILVA ribosomal RNA database to output species abundance matrices.

Verification & Commissioning Criteria Matrix

Parameter Measurement Target Acceptance Threshold  Status / Sign-Off
Dissolved Oxygen Level = Continuous DO during 24h Strictly [ 1 PASS
brew cycle > 6.0 mg/L
continuously
Microscopic ~ Organism Active flagellates & fungal > 10 active bacteria/mL [ 1 PASS
Check hyphae count
, active hyphae visible
MinION Sequencing Yield Total sequencing output on > 100 Mbp [ 1 PASS
Flongle

basecalled data (
> 100,000 reads
)

Taxonomic Identification Kraken2 classification ac- > 85% [ 1 PASS

curac &
y reads classified to genus/

species level
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Chapter 6: Closed-Loop Resource Recycling, Water

Purification & Biomeiler Heating

1. Chapter Overview & Strategic Objectives

Linear resource flow models—where water, nutrients, and thermal energy enter as external purchased inputs and
exit as toxic unrecovered waste—are thermodynamically inefficient and highly vulnerable to off-farm supply
chain disruptions.

A scientific homestead implements closed-loop resource recovery architectures. By linking subsurface horizontal
flow constructed wetlands, mesophilic anaerobic digesters, multi-barrier rainwater purification trains, and Jean
Pain compost heat recovery reactors (Biomeilers), the homestead captures high-grade thermal, chemical, and
hydrological energy from waste streams, achieving total domestic and agricultural resource autonomy.

2. Sub-Headings & Theoretical Foundations

6.1 Constructed Wetland Wastewater Purification

Greywater and pre-settled blackwater effluent are treated using Subsurface Horizontal Flow (SSHFW) con-
structed wetlands. In SSHFW wetlands, effluent flows horizontally through a saturated gravel medium planted
with emergent wetland macrophytes (Typha latifolia, Phragmites australis, Iris pseudacorus).

B e e e +
| SUBSURFACE HORIZONTAL FLOW WETLAND ARCHITECTURE |
B T T L R +
[ Influent Greywater ] ----> Gravel Inlet Zone (20-40mm coarse gravel)
I
%
[ Wetland Cell ] ---------- > Main Root Zone Gravel Bed (10-15mm washed gravel)

I
I
I
I
|
- Rhizosphere aerobic/anaerobic micro-zones

- Plant uptake of Nitrogen & Phosphorus [

| I

v I

[ Purified Effluent ] ----- > Qutlet Collection Well & Water Level Control Standpipe|

I

Hydraulic Sizing & Decay Kinetics
Wetland surface area

A

S

is determined using first-order plug-flow Biochemical Oxygen Demand (
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BOD;
) reduction kinetics:

Qx(InC,—InC,)

A =
® krxdxn
Where:
y Q
is daily wastewater volume (
m3
1,500 L/day = 1.5—
Y / a’y da,y
).
: e
is influent
BOD;
concentration (
250 mg/L
).
L] Ce
is target effluent
BOD;
concentration (
< 10 mg/L
).
° kg = koo ™20

is temperature-corrected decay constant (

0 =1.06
).
. d
is wetland gravel depth (
0.6 m
).
. n
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is effective gravel porosity (

n = 0.38
for
10--15 mm
washed pea gravel).
Hydraulic Retention Time (HRT) = Vpge _ A x Qd MLy days
For a design temperature of
10°C
, the required wetland surface area
As
is
48.5m?
(
12.0 m length x 4.0 m width

).

6.2 Anaerobic Digestion & Biogas Capture Engineering
Organic wastes (livestock manure, non-edible crop residues, food scraps) are processed in a Continuous Stirred-
Tank Reactor (CSTR) anaerobic digester operating in the mesophilic temperature range (

35--38°C
).
B e T +
| MESOPHILIC ANAEROBIC DIGESTION PROCESS |
T e TS +
I I
| [ 1. Hydrolysis ] -------- > Complex Organic Polymers -> Soluble Monomers |
| [ 2. Acidogenesis ] ------ > Soluble Monomers --------- > Volatile Fatty Acids |
| [ 3. Acetogenesis ] ------ > VFAs & Alcohols ---------- > Acetate, C02, H2 |
| [ 4. Methanogenesis ] ----> Acetate, C02, H2 --------- > Methane (CH4) + CO02 |
I I
e e e +

Biogas Yield & Gas Purification
* Organic Loading Rate (OLR):

Sy xQ _, ke VS/m’

OLR =
f day
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(where
VS

is volatile solids).
* Methane Yield: Methanogenic archaea (Methanosaeta, Methanosarcina) yield

0.32m3CH,
per
kg VS
destroyed. A
5m3
digester produces approximately
3.8m?
biogas/day (
65%CH,
33%CO,
2%H,S/other
).
* Hydrogen Sulfide (
H,S

) Desulfurization: Raw biogas contains
1,000--3,000 ppm H,S

, which forms highly corrosive sulfuric acid during combustion. Gas is scrubbed by passing through an iron
sponge vessel containing iron oxide (

Fe,O4

Fe,inO_3 + 3 H_2inS — Fe,inS 3 + 3 H_2inO

Regeneration occurs by exposing spent
FeyS;

to elemental atmospheric oxygen.
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6.3 Rainwater Harvesting & Multi-Barrier Purification Train
Rainwater harvested from roof surfaces provides pure, low-TDS water for drinking, laboratory prep, and CEA
aeroponic systems.

e e T e +
| MULTI-BARRIER WATER PURIFICATION TRAIN [
B i T i +
I I
| [ Roof Catchment ] ------- > First-Flush Diverter (1mm runoff discard = 1L/m2)

I I I
I v I
| [ Storage Cistern ] ------ > Stage 1: 100 um Washable Sediment Screen Filter

I I I
| v |
| [ Pressure Pump ] -------- > Stage 2: 5 um Melt-Blown Polypropylene Filter

| | I
I v I
| [ Carbon Block ] --------- > Stage 3: 0.5 um Extruded Activated Carbon Block

I I I
I v I
| [ Disinfection ] --------- > Stage 4: 254nm UV-C Chamber (>40 mJ/cm2 dosage) |
I I
B i +

Harvest Yield Modeling
Annual harvestable rainwater volume

Y,

annual

in liters is calculated by:

Y;nnual = Aroof X }Dannual X €catchment X Efilter

Where
Aroof - 350m2
Pannual = 17 100 mm
(
1.1m
),
€catchment — 0.90

(metal standing seam roof), and
Efijter = 0.85
(first-flush loss).
Y, =350 x 1.1 x 0.90 x 0.85 = 294, 525 Liters/year

annual —
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806 L/day

).

6.4 Compost Heat Recovery Systems (Jean Pain | Biomeiler)

A Biomeiler is a massive aerobic thermophilic composting mound constructed from woody biomass and nitroge-
nous organic waste. Thermophilic actinobacteria (Thermus thermophilus, Bacillus stearothermophilus)
decompose cellulose and lignin at temperatures between

55--70°C
, releasing continuous heat for

12--18 months

I
[ 50-Tonne Woodchip Stack (50% Moisture, 30:1 C:N Ratio) ] |
[ Thermophilic Core (60-68°C) ] |
[ Embedded HDPE Hydronic Heat Exchanger Loops (1000m of 25mm Pipe) ] |
| |
v Heated Glycol Circuit (52°C) |
[ Plate Heat Exchanger ] ---> Greenhouse Soil Hydronic Loops & Domestic Hot Water|

Thermodynamic Heat Production
* Energy Content: Aerobic decomposition yields approximately

3.0 MJ

of usable thermal energy per kilogram of dry woody biomass.
* Continuous Thermal Yield: A 50-tonne (

50,000 kg
) Biomeiler with
50%
moisture content (
25,000 kg
dry matter) yields
75,000 MJ

of thermal energy over 14 months (
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420 days

), delivering a continuous average thermal power of

2.07kW,,
(
).

3. Technical Diagrams & System Flowcharts

Diagram 6.1: Multi-Barrier Closed-Loop Water & Waste Recovery Flowsheet

[ RAINWATER ROOF ] [ DOMESTIC GREYWATER ] [ FARM ORGANIC WASTE ]
| | |
Vv v v
(First-Flush Diverter) (Septic / Settling Tank) (Mesophilic CSTR Digester)
I I I
v v v
[ CISTERN STORAGE ] [ SSHFW CONSTRUCTED WETLAND ] [ BIOGAS CLEANING SCRUBBER 1]
I I I
v v %
[ MULTI-STAGE FILTERS ] [ POLISHING REUSE POND ] [ METHANE COMBUS. HEATER ]

(160u -> 5u -> Carbon) | |
| | |

\ \ \
[ 254nm UV DISINFECTION ] -> [ CEA IRRIGATION WATER ] [ HYDRONIC HEATING LOOP ]

4. Practical Hands-On Project Plan

Project Plan 6.1: Building a 50-Tonne Biomeiler Compost Heat Recovery System

Goal
Construct a 50-tonne thermophilic Biomeiler compost mound integrated with 1,000 meters of embedded HDPE

hydronic pipe to supply continuous hydronic heat to greenhouse soil beds.
Bill of Materials (BOM)

Item Description Specification / Model Qty Est. Cost (USD) Vendor / Source
Woodchips / Wood Ramial Chipped Wood 50 tonnes $1,200 Local Arborist
Grindings (RCW)
10--50mm
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particle size
Nitrogen Feedstock Fresh Manure / Poultry 8 tonnes
Litter (
C:N~12:1

)
HDPE Pipe 25mm 10

PN10 SDRI11 PE100
HDPE Coil (

100m

coils)
Circulation Pump Wilo  Yonos PARA 1
25/1-6 High-Efficiency
Hydronic Pump
Plate Heat Exchanger  30-Plate Stainless Steel 1
Brazed Heat Exchanger (

50kW

)
Temperature Probes Pt100 4-Wire RTD 4
Stainless Steel Probes (

Im

length)
Total Estimated Cost

Safety Guidelines & Risk Mitigation

$350

$680

$210

$165

$120

$2,725

Final Master Edition

Local Livestock Farm

SupplyHouse

Wilo / SupplyHouse

Duda Energy

AutomationDirect

1. Bio-aerosol Protection: Shredding and stacking 50 tonnes of biomass generates dense clouds of fungal spores
(Aspergillus fumigatus), which cause severe hypersensitivity pneumonitis (Farmer’s Lung). Operators must
strictly wear P100 / N95 half-mask respirators and eye protection throughout construction.

2. Thermal Scalding: Hydronic fluid exiting the Biomeiler core can reach

> 65°C

. Install a thermostatic mixing valve on output lines to cap supply temperatures to greenhouse floor loops at

42°C
Step-by-Step Execution Instructions
1. Site Preparation & Base Layering:
* Excavate a
6.0 m
diameter circular pad. Lay down a
100 mm
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base layer of gravel overlaid with geotextile fabric.
« Saturate woodchips and manure with water until moisture content reaches

55--60%
(hand-squeeze test yields 2-3 drops of water).
2. Layering & Heat Exchanger Installation:
* Deposit a
0.5m

base layer of saturated woodchip/manure mixture (

30:1
C:N
ratio).
» Wind the first coil of
25 mm
HDPE pipe spirally from outer radius to center (
0.25 m

pipe spacing). Connect pipe ends to a vertical distribution manifold.
» Repeat layering process across 4 distinct vertical tiers (

0.5 m

1.0m

1.5m
, and
20m
height), incorporating 250 meters of HDPE pipe per tier (
1,000 m

total).
3. Hydronic Plumbing & Manifold Wiring:
* Parallel-connect the 4 HDPE pipe coils to custom 4-port supply and return brass manifolds equipped with
balancing flowmeters.
+ Fill loop with a

30%
food-grade propylene glycol / water mix to prevent winter freeze-up. Pressure-test system at

60 PSI
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4.1 bar

) for 24 hours.
4. Commissioning & Thermal Monitoring:
* Insert 4 Pt100 RTD probes into core layers. Connect probes to the telemetry server.
» Thermophilic activity will drive core temperatures to

60--68°C
within
10--14 days
. Engage Wilo circulation pump when core temperature exceeds

45°C

Verification & Commissioning Criteria Matrix

Parameter Measurement Target Acceptance Threshold

Pressure Test Integrity 60 PSI static glycol loop Zero pressure drop over 24

pressure hours
Core Temperature Onset Core thermophilic tempera- Core
ture rise T > 55°C
achieved within 14 days
Delta T Across Exchanger Glycol supply vs return tem- AT =6 —10°C
perature at
15 L/min
flow
Thermal Power Output Continuous power Continuous
B, = mC,AT By ge 2.0 kW,
delivered
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Chapter 7: Open-Source Scientific Instrumentation,

Analog Front-Ends & Metrology

1. Chapter Overview & Strategic Objectives

Commercial laboratory instruments are frequently cost-prohibitive, proprietary “black boxes” that lock research
data behind closed software ecosystems and prohibit field modification. For a scientific homestead, reliance on
vendor-locked laboratory equipment introduces critical single-point vulnerabilities.

This chapter provides complete engineering specifications for constructing open-source laboratory hardware,
high-precision Analog Front-End (AFE) signal conditioning circuits, and microfluidic diagnostic devices.
Furthermore, it establishes metrological calibration protocols traceable to National Institute of Standards and
Technology (NIST) reference materials, guaranteeing that field laboratory data meets rigorous, peer-reviewable
scientific standards.

2. Sub-Headings & Theoretical Foundations

7.1 Open-Source Laboratory Hardware Engineering

A. OpenPCR Thermal Cycler Design
Polymerase Chain Reaction (PCR) amplification requires rapid, highly precise thermal cycling across three

distinct temperature plateaus:
* Denaturation (

95.0°C 4+ —0.2°C

): Unwinds double-stranded DNA templates.
* Annealing (

55.0--65.0°C + —0.2°C

): Hybridizes oligonucleotide primers.
* Extension (

72.0°C 4+ —0.2°C

): Tag DNA polymerase synthesizes complementary strands.
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| | Pt100 RTD Sensor | PID Controller | PWM Driver |

| #----eeieem o + B + Fom e - + |
I I I
I v I
| - + R + R TR + |
| | Aluminum Sample |<------- | TEC1-12706 Peltier |<------- | Bi-directional | |
| | Well Block (16x) | | Thermoelectric | | Power Flow ||
I R + T + o + |
fhoooooocoooooooEEEEEEEEE000000000000000000000000000000000000000000000000000EE0000000 +

Thermal pumping is driven by a TEC1-12706 Peltier thermoelectric module driven by a
12V

MOSFET H-bridge under pulse-width modulation (PWM). Temperature feedback is sampled by a 4-wire Pt100
RTD interface (MAX31865 IC) yielding

+-0.05°C
measurement resolution.

B. Custom Dual-Wavelength UV-Vis Spectrophotometer
Spectrophotometry measures light absorption as a function of wavelength (

A

). According to the Beer-Lambert Law:

I
A lambda — lOglO (I_()) = € lambda b-c

Where
A jambda
is absorbance,
Iy
is incident light intensity,
1
is transmitted intensity through the sample,
€ lambda
is molar absorptivity (
L/mol - cm
)s
b
is optical path length (
1.0 cm

64



The Scientific Homestead: Systems Architecture & Metrology Final Master Edition

standard cuvette), and

C
is solute concentration (
mol/L
).
e e T e +
| CZERNY-TURNER SPECTROPHOTOMETER OPTICAL BENCH |
L L L +

[ Tungsten-Halogen / Deuterium Light Source ]

I I
I I
I I
I v I
| [ Entrance Slit (50 um) ] ---------- > [ Collimating Mirror ] |
I I I
I v I
| [ Sony ILX511B Linear CCD Array ] <-- [ Focusing Mirror ] <-- [ Grating (1200L/mm)]
| |
B T e L L T +

The optical engine utilizes a Czerny-Turner monochromator design: light passes through a
50u m

entrance slit, reflects off a collimating mirror onto a 1,200 lines/mm holographic diffraction grating, and is
focused onto a 2,048-pixel Sony ILX511B linear CCD image sensor driven by a Teensy 4.1 microcontroller.

7.2 Microfluidics & Low-Cost Analytical Diagnostics
Microfluidics manipulates minute fluid volumes (

10
to
1018
Liters) within micro-fabricated channels (
10--500p m

width).

Hydraulic Resistance & Laminar Flow
At micro-scale dimensions, fluid flow is strictly laminar, governed by extremely low Reynolds Numbers (

Re < 1.0
):
v-D
Re="""""1n <10
I
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Where
2wh
Dh= s h
is hydraulic diameter. Hydraulic resistance
Ry
in rectangular micro-channels is given by:
12-p- L

Ry~
T w - h3 (1-0632)

Micro-channels are cast in Poly-dimethylsiloxane (PDMS) elastomer using soft lithography against 3D-printed
micro-fluidic molds. Fluid displacement is driven by custom NEMA 17 stepper motor syringe pumps achieving
precise continuous flow rates down to

10 nL/min

7.3 Analog Front-End (AFE) Signal Conditioning Circuits

High-impedance sensors (glass pH electrodes exhibit source impedance
R, > 10%Q

; photodiodes produce pico-amp currents) require specialized Analog Front-End (AFE) circuitry before analog-
to-digital conversion.

R R +
| HIGH-IMPEDANCE PH ELECTRODE AFE SCHEMATIC |
R e i e +
I I
| #---meeee e + B T + Fomm e + |
| | pH Glass Electrode |[------- >| OPA129 Electrometer|------- >| 4th-Order |

| | (Rs > 100 M-Ohm) | | Op-Amp Buffer | | Sallen-Key LPF |

I R + Fmm e a - + Fomm e + |
| | | | |
| v Shield v Driven Guard Ring % |
I R T T T + R + |
| | Coaxial Cable Driven Guard Ring Circuit | | ADS1115 16-Bit | |
I e + | Delta-Sigma ADC | |
| o + |
e I +

AFE Circuit Topology
1. Electrometer-Grade Buffer (OPA129): Features an ultra-low input bias current (

I, <100 fA =101 A

) to prevent loading high-impedance pH glass membranes.
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2. Driven Guard Ring: A coaxial guard trace driven at unity gain surrounds the high-impedance input PCB
trace, eliminating leakage currents across the FR4 substrate.
3. Transimpedance Amplifier (TIA): Photodiode output current

IphOtO

is converted to voltage

via an OPA 129 TIA circuit:

Vour = —Lphoto X B
Where
Ry =10 M Q
, yielding a sensitivity of
10 mV/nA
. A parallel feedback capacitor
Cy =10 pF

maintains stability and cuts high-frequency noise.

7.4 Metrology, Calibration & Quality Control Standards
Data validity depends upon metrological traceability to international reference standards (NIST).

Combined Standard Uncertainty Budget Equation
For a measurement result

Y= f(xl)xZadOtSaxN)

, the combined standard uncertainty

c(y)
is calculated by error propagation:
(N-1lin) sum (j=i+1in)N Bf 8f
Ye(y) = oz %“(% z;)
i=1in)"N ( frac( partial f, partial xi))"2 u"2(xi) + 2 sum _(i=1in ? J

Standard Operating Procedures (SOP) Reference Thresholds

Measurement Parame- NIST Reference Stan- Calibration Protocol  Target Combined Un-

ter dard certainty (
uC
)
Mass Balance Class F Stainless Steel 5-point linearity & cor- +—0.1 mg
Test Weights ner-load check

67



The Scientific Homestead:

Temperature NIST-traceable ~ Pt100

Calibrated RTD

pH Sensing NIST Buffer Standards

(4.01, 7.00, 10.01)

Spectrophotometer Potassium Dichromate (
K,Cr,0,

) SRM 935a

Systems Architecture & Metrology

Final Master Edition

Ice-point ( +—0.02°C
0.00°C

) & Gallium point (
29.76°C

)

3-point Nernst slope fit ( +—0.01 pH

59.16 mV /pH
at
25°C
)

Absorbance
check at

235,257,313, 350nm

linearity +—0.002 AU

3. Technical Diagrams & System Flowcharts

Diagram 7.1: High-Precision Analog Front-

pH ELECTRODE BNC
[ CENTER PIN ]

 —— — — — — 4+

[ SHIELD / GUARD ] ---( Driven Guard

4. Practical Hands-On Project Plan

End (AFE) Schematic

| Op-Amp |

> [ TO LPF & ADC ]

)-----

Project Plan 7.1: Constructing a Dual-Wavelength UV-Vis Spectrophotometer

Goal

Design, assemble, solder, calibrate, and validate a dual-wavelength (

340E nm
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) LED/photodiode spectrophotometer with custom TIA AFE for wet-lab nitrate and orthophosphate soil chem-
istry.
Bill of Materials (BOM)

Item Description Specification / Model Qty Est. Cost (USD) Vendor / Source

Ultra-Low Bias Op-Amp OPA129U Ultra-Low Input 2 $32 Texas Instruments
Bias (

100 fA
) SOIC-8
16-Bit ADC Board ADS1115 16-Bit 1 $14 Adafruit / Mouser
I°C
ADC Module

Silicon Photodiode Hamamatsu S1226-8BK Sili- 2 $48 Hamamatsu / DigiKey
con Photodiode (

1.1mm?

)
Precision LEDs 340nm 2 $65 Thorlabs

UV LED &
660nm

Deep Red LED
Optical Cuvette Holder 10mm 1 $45 Custom / Thorlabs

Anodized Aluminum Cuvette
Holder Block

Quartz Cuvettes 10mm 2 $55 Hellma Analytics

Path Length Precision Quartz

Cuvettes
Microcontroller Teensy 4.1 Development 1 $35 PJRC
Board (
600 MHz
)
Total Estimated Cost $294

Safety Guidelines & Risk Mitigation
1. UV Radiation Hazard: The

340 nm

UV LED emits invisible UV-A radiation that causes severe corneal epithelial damage and cataracts. Enclose
the optical path entirely in light-tight black anodized metal or 3D-printed opaque housing. Wear UV-blocking
safety glasses during testing.
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2. Soldering Safety: Hand-soldering SOIC-8 surface-mount ICs requires lead-free rosin-core solder. Work
under an active fume extractor to prevent inhalation of flux fumes.

Step-by-Step Execution Instructions
1. AFE PCB Assembly & Soldering:

 Solder the OPA129 transimpedance amplifier,

10 M Q
0.1%
metal film feedback resistors, and
10 pF
NPO ceramic feedback capacitors onto a double-sided PCB with a dedicated ground plane.
* Rout a driven guard ring trace completely encircling the photodiode input pins. Clean PCB thoroughly with
isopropyl alcohol to remove ionic flux residues.

2. Optical Bench Assembly:
* Mount the

340 nm
and
660 nm

LEDs on the left side of the cuvette block. Mount the Hamamatsu photodiodes on the opposite side facing
the LEDs across the

10 mm

cuvette slot.
* Enclose the block in a 3D-printed opaque light-tight box with a hinged lid.
3. Firmware & ADC Interface:
» Program the Teensy 4.1 microcontroller to drive LEDs using constant-current PWM driver circuits.
» Read TIA voltage output from the ADS1115 16-bit ADC over

I?C

. Implement a 100-sample averaging filter per measurement cycle.
4. Calibration & Validation Script:
 Write a Python calibration script utilizing scipy.optimize to generate standard curves from NIST-traceable
potassium nitrate (

KNO,

) reference solutions (

0,2,5,10,20,50 ppm NO3

import numpy as np
from scipy.stats import linregress
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# Calibration Standard Concentrations (ppm) and Measured Absorbance
conc = np.array([0.0, 2.0, 5.0, 10.0, 20.0, 50.0])
abs 340 = np.array([0.000, 0.042, 0.105, 0.211, 0.420, 1.048])

# Perform Linear Least-Squares Regression
slope, intercept, r_value, p value, std err = linregress(conc, abs 340)

print(f"Calibration Formula: Abs = {slope:.5f} * Conc + {intercept:.5f}")
print(f"Coefficient of Determination (R"2): {r value**2:.6f}")

Verification & Commissioning Criteria Matrix

Parameter Measurement Target Acceptance Threshold Status / Sign-Off

AFE Noise Floor TIA output voltage noise with < 0.10 mV RMS [ 1 PASS

LED off
Absorbance Linearity R? R? ge 0.9990 [ 1PASS

of NIST

KNO,
calibration curve
Dark Current Drift TIA drift over 1 hour in dark < 0.50 mV [ 1 PASS
drift

Measurement Repeatability Standard deviation of 10 con- RSD < 0.5% [ ] PASS

secutive readings
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Chapter 8: Master Control Plane Integration, Exper-

imental Frameworks & Safety Protocols

1. Chapter Overview & Strategic Objectives

Operating a scientific homestead without unified control integration and strict laboratory safety protocols creates
operational fragmentation, severe hazard exposures, and invalid research conclusions.

This chapter details the deployment of a centralized, edge-resilient Master Control Plane (SCADA / Home
Assistant / Node-RED / TimescaleDB) that orchestrates telemetry and actuation across all six core subsystems.
Furthermore, it establishes statistical methodologies for conducting peer-reviewable on-farm agricultural trials,
comprehensive preventative maintenance schedules, and biosafety/chemical hazard management frameworks.

2. Sub-Headings & Theoretical Foundations

8.1 Master Control Plane Architecture & Dashboards
The Master Control Plane consolidates data streams from energy, water, CEA, telemetry, waste, and lab analytics
into a unified supervisory control engine.

| CENTRALIZED CONTROL PLANE (Home Assistant / Node-RED / TimescaleDB) |
| - Global Operational Dashboard & Grafana Visualization |
| - Cross-Subsystem Optimization Logic (e.g., Solar Surplus -> Hydro Thermal) | |
| - Telegram / Ntfy Real-Time Emergency Alerting Pipeline |

I

I

I

I

I

T T Fommmeemeeeeeeeeeeeeeeeeeeeaa + |

| | I |

% \ % [

B R + B R + R + [
| Edge PLC 1: Power | | Edge PLC 2: CEA | | Edge PLC 3: Water |
| Local BESS State | | Local HPA Timing &| | Local Tank Level §&|

| Machine (Independent) | | Local PID Fertig. | | Local Pump Safety | |

Fmm o + Fmm o + Fmm o + |

I

B e i e i +
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Edge Fallback Architecture

To prevent single-point network failures from destroying biological assets, control logic is strictly decoupled

using Edge Fallback Nodes:

* Central Plane Mode: High-level optimization algorithms (e.g., Machine Learning yield optimization,
weather-forecast-based load shedding) publish parameters via MQTT to local controllers.

* Autonomous Edge Mode: If MQTT heartbeats fail for

> 60 seconds

, local controllers (ESP32-S3 / PLCs) immediately revert to hardcoded, autonomous local loops (e.g., local
timer-driven HPA misting, mechanical thermostat heat activation), maintaining crop survival indefinitely
without central network connectivity.

8.2 On-Farm Experimental Design & Data Management

Validating agricultural and technological interventions requires rigorous statistical experimental design to sepa-
rate treatment effects from spatial microclimate noise.

Randomized Complete Block Design (RCBD)

To eliminate spatial soil gradients or light intensity variations across greenhouse benches, field trials utilize a
Randomized Complete Block Design (RCBD).

|
[ BLOCK 1 (West Bench) ] ---> | TO (Control) | T1 (ACT Tea) | T2 (Biochar+ACT) | |
[ BLOCK 2 (Center Bench)] --> | T1 (ACT Tea) | T2 (Biochar+ACT) | TO (Control) | |
[ BLOCK 3 (East Bench) ] ---> | T2 (Biochar+ACT) | TO (Control) | T1 (ACT Tea) | |

I

Sample Size Determination & Statistical Power
The minimum number of replicates

n

per treatment group required to detect a statistically significant difference

1)
at significance level

e
and power

1-p
is given by:
o 2.02. (Z;;in+zﬁ)

Where:
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is estimated population variance.

° Z ipha j2 = 1.96
for
a = 0.05
(
95%
confidence interval).
. Z peta = 0.84
for
80%

statistical power (
1—-p5=0.80
).

Final Master Edition

Treatment variance is evaluated via Two-Way Analysis of Variance (ANOVA) followed by Tukey’s Honestly

Significant Difference (HSD) post-hoc test:

MS

error

HSD = 4 alpha | k, df X

8.3 Standard Operating Procedures (SOPs) & Preventative Maintenance
System reliability depends upon adherence to structured preventative maintenance schedules.

Master Preventative Maintenance Cadence Matrix
System Component Task Description Cadence
BESS Battery Bank = Torque terminal posts ( Monthly

4.5Nm
), inspect cell
AV
HPA Aeroponics Clean Weekly
50 m

inline filter, inspect atom-
izing nozzles

pH / EC Probes 3-point calibration, clean  Bi-weekly
glass membranes in

0.1M HC1

74
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Water Purification Replace Quarterly 45 mins Water Systems Tech
Su m
sediment filter and carbon
block
UV Disinfection Clean quartz sleeve with Semi-Annual 30 mins Water Systems Tech
citric acid, measure UV-C
intensity
Biomeiler Heat Loop Bleed air from glycol Monthly 15 mins Thermal Tech

manifolds, test circulation
pressure

8.4 Laboratory Safety, Hazard Mitigation & Regulatory Compliance

Biosafety Level (BSL-1 /| BSL-2) Standards
The homestead analytical laboratory operates under BSL-1 with select BSL-2 containment protocols during
molecular pathogen testing:

* Autoclave Sterilization: All biological wastes, agar plates, and pipette tips must undergo steam sterilization at

121°C
at
15 PSI
(
1.03 bar

) for 30 minutes prior to disposal.
* Laminar Flow Containment: Culturing and DNA extraction are executed inside a Class II Type A2 HEPA
laminar flow cabinet maintaining

0.45 m/s

face velocity.

Chemical Compatibility Storage Matrix
Chemicals must be segregated by compatibility class in dedicated safety cabinets to prevent catastrophic reactive
fires or toxic gas release:

e +
| CHEMICAL STORAGE SEGREGATION MATRIX |
B e e TR +
I I
| [ CLASS A: Acids (HCl, H3P04) ] --------- > Flammable Cabinet | SEPARATED BY |
| [ CLASS B: Bases (KOH, NaOH) ] ---------- > Acid Cabinet | DEDICATED |
| [ CLASS C: Flammables (Ethanol, Isopropanol) ] Nitric Acid | IMPERMEABLE

| [ CLASS D: Oxidizers (H202 30%) ] ------- > Organic Solvents | BUNGS |
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Lockout/Tagout (LOTO) Protocols

Work on the
48V DC
battery busbar (
> 12,000A
short-circuit capacity) or
450V DC

solar PV strings requires strict Lockout/Tagout (LOTO) procedures:

1. Open physical DC circuit breakers.
2. Apply physical padlock and LOTO tag to breaker toggle.
3. Verify zero voltage using a CAT IV

1000V

rated digital multimeter prior to touching conductors.

3. Technical Diagrams & System Flowcharts

Final Master Edition

Diagram 8.1: Master Control System Architecture & Communication Topology

[ USER GRAFANA DASHBOARD & TELEGRAM ALERTS ]

~

fboccccccocooconnnoo: focoooooosocooas

| CENTRAL HOME ASSISTANT / NODE-RED

-t

| (TimescaleDB / InfluxDB Data Warehouse) |

o T
| (MQTT Broker)
R oo
I I
v v
[ EDGE PLC 1: POWER ] [ EDGE PLC 2: CEA 1]
- BESS State Machine - HPA Solenoid Timer
- Load Shed Contactors - Closed-Loop Fertigation
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[ EDGE PLC 3: LAB ]

- Autoclave Temp Control
- Spectrophotometer AFE
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4. Practical Hands-On Project Plan

Project Plan 8.1: Deploying the Central Control Engine & Executing an On-Farm
Research Trial

Goal
Deploy the Home Assistant / Node-RED master control plane engine on a dedicated industrial single-board
computer and execute a complete 60-day randomized agricultural trial evaluating compost tea impacts on crop
yield.

Bill of Materials (BOM)

Item Description Specification / Model Qty Est. Cost (USD)  Vendor / Source
Industrial Gateway PC ~ Seeed reTerminal CM4 (Rasp- 1 $215 Seeed Studio
berry Pi CM4, 32GB eMMC)
Industrial SD Card SanDisk High Endurance 128GB 1 $28 Western Digital
MicroSDXC
DIN-Rail Power Supply Mean Well HDR-30-24 (24V DC 1 $22 Mean Well / Mouser
1.5A DIN Rail)
Modbus Relay Board  Waveshare 8-Channel RS485 2 $48 Waveshare
Modbus Relay Board
High-Accuracy Scale  Ohaus Compass CX2200 Gram 1 $145 Ohaus / Fisher
Scale (
0.1g
resolution)
Total Estimated Cost $458

Safety Guidelines & Risk Mitigation
1. Electrical Installation Safety: Wiring DIN-rail power supplies to 120/240V AC mains must be executed

with primary breaker locked out (LOTO). Use insulated ferrule crimps on all stranded wires.
Step-by-Step Execution Instructions
1. Master Control Server Setup:

* Flash Home Assistant OS / Debian Linux onto the reTerminal CM4 eMMC storage.

+ Install Docker containers for Mosquitto MQTT broker, Node-RED automation engine, TimescaleDB, and

Grafana.

» Configure Node-RED flow to subscribe to all # MQTT topics and store sensor metrics into TimescaleDB.
2. On-Farm Trial Setup (RCBD):

+ Lay out 12 aeroponic channel sections (

3 treatments x 4 randomized blocks

).

¢ Treatments:

(Control: Standard fertigation),
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T
(Weekly foliar ACT application),
1,
(Bi-weekly root drench ACT application).
3. Data Collection & Statistical Evaluation:
* Log wet yield biomass (
g

), leaf chlorophyll index (SPAD meter), and optical NDVI daily across all 12 experimental units for 60 days.
» Execute Two-Way ANOVA analysis using Python script:

import pandas as pd
import statsmodels.api as sm
from statsmodels.formula.api import ols

# Load Experimental Harvest Dataset
df = pd.read csv("trial harvest data.csv")

# Fit Two-Way ANOVA Model (Treatment + Block Effect)
model = ols('Yield ~ C(Treatment) + C(Block)', data=df).fit()

anova_table = sm.stats.anova lm(model, typ=2)

print("--- TWO-WAY ANOVA RESULTS ---")
print(anova table)

Verification & Commissioning Criteria Matrix

Parameter Measurement Target Acceptance Threshold Status / Sign-Off
Server Uptime Continuous operation under Zero crash events over 30 [ 1 PASS
high MQTT load days continuous
Database Write Latency TimescaleDB metric inges- <5 ms [ 1 PASS
tion time

per write operation

Statistical Model Power ANOVA p-value for treat- p < 0.05 [ 1 PASS

ment effect
(Statistically significant)

Failover Reversion Disconnect server Ethernet Edge controllers maintain [ 1 PASS
line HPA timing
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Appendices: Master Bill of Materials, SOP Cards,

Safety Matrices & Code Repositories

Appendix A: Master Bill of Materials (BOM) & Vendor Sourcing Matrix

This master bill of materials consolidates all sub-system hardware components, specifications, part numbers,
quantities, unit costs, and recommended suppliers across the entire Scientific Homestead project.

Chapter / Ttem Descrip- Manufac- Qty Unit Cost Total
Subsystem  tion & Speci- turer / Part (USD) (USD)
fication No.
Ch. 1: Survey Apogee Solar Apogee Instru- 1 $395 $395
Pyranometer = ments SP-110
(SP-110)
Ch. 1: Survey Global Water Xylem FP111 1 $850 $850
Stream Flow
Meter
Ch. 2: Power EVE 3.2V EVE LF304 32 $120 $3,840
304Ah Grade-A
LiFePO,
Cells
Ch. 2: Power Seplos V3 Seplos 2 $240 $480
200A 16S V3-200A
Smart BMS
Ch. 2: Power Victron Smakfictron SCC14520000® $1,350 $2,700
Solar RS
450/200
MPPT
Ch. 2: Power Victron Qu¥ctron QUA483150000 $3,850 $3,850
tro 15kVA In-
verter/Charger
Ch. 3: CEA  Aquatec 8800 Aquatec 1 $145 $145
High-Pressure 8852-2J03-
Booster Pump B584
Ch.3: CEA 0.20mm Ori- MistCooling 8 $6 $48
fice Atomizing MC1102
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Global Water

Docan Power /
EVE

Seplos  Tech-
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Victron En-
ergy / Inverter
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Victron Energy
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MistCooling
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Ch. 3: CEA

Misting Noz-
zles
Atlas  Scien-
tific EZO pH
& EC Carrier
Boards

Atlas Scien-
tific KIT-103

Ch. 4: IoBeeed E5 STM32WLESJC Seeed

Ch. 4: IoT

Ch. 4: IoT

Ch. 5: Bio-
Lab

Ch. 5: Bio-
Lab

Ch. 5: Bio-

Lab

Ch. 6: Waste

Ch. 6: Waste

Ch. 7: Open-
Lab

LoRa Board

Sentek  Drill

& Drop 60cm

Soil Profile
Probe

RAK7249
8-Channel
Outdoor Lo-
RaWAN Gate-
way
Oxford
Nanopore
MinION
Mk1B Se-
quencer

ONT Flon-
gle Flow Cells
(Pack of 12)
Aqua
Com-

Active

110W

mercial Air
Pump

25mm

PN10 SDR11
HDPE Pipe (

100m

)

Wilo  Yonos
PARA  High-
Efficiency
Pump

OPA129U Ul-
tra-Low Bias
Electrometer
Op-Amp

113990934

Sentek
DDD60

RAK Wireless
RAK7249

ONT
MIN-101B

ONT FLO-
FLGO001

Hydrofarm
AAPA110L

PE100
25mm

Coil

Wilo 4215513

TI
OPA129U/2K

10

80

$170

$18

$420

$380

$1,000

$1,080

$125

$68

$210

$16

$170

$72

$420

$380

$1,000

$1,080

$125

$680

$210

$32

Final Master Edition

Atlas Scien-
tific

Seeed Studio

Sentek Sensor

Tech

RAK Wireless

Oxford
Nanopore Tech

Oxford
Nanopore Tech

Hydrofarm

SupplyHouse

SupplyHouse

Texas Instru-

ments
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Ch. 7: Open-
Lab

Ch. 8: Control

Master Sum-
mary

Hamamatsu 2 $24
S1226-8BK

Hamamatsu
S1226-8BK
Silicon Photo-
diode
Seeed reTermi- Seeed 1 $215
nal CM4 In- 110070048

dustrial Gate-
way
Total Esti-
mated Capital
Expenditure

Final Master Edition

$48 DigiKey
$215 Seeed Studio
$18,912

Appendix B: Standard Operating Procedures (SOPs) Quick-Reference

Cards

SOP Card 01: High-Pressure Aeroponics (HPA) Nozzle Cleansing & Line Flushing

» Frequency: Weekly or upon pressure rise

> 85 PSI

* Required PPE: Nitrile gloves, splash goggles.

¢ Procedure:

1. Depressurize hydraulic line by switching off Aquatec booster pump and opening manual bleed valve.

2. Unscrew

0.20 mm

misting nozzles from manifold. Inspect stainless steel micro-orifices under stereo microscope.

3. Submerge nozzles in an ultrasonic cleaner filled with

10%

food-grade citric acid solution for 15 minutes to dissolve calcium carbonate (

) scale.

CaCOj

4. Flush main PEX manifold lines with

50 ppm

hypochlorous acid (

HOCI

) for 10 minutes before re-attaching nozzles.
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SOP Card 02: 3-Point pH Sensor Calibration
* Frequency: Bi-weekly.
* Required Solutions: NIST pH 4.01, 7.00, and 10.01 buffer standards.
* Procedure:
1. Remove double-junction glass probe from inline sensor manifold. Rinse thoroughly with deionized water.
2. Submerge probe in pH 7.00 buffer. Allow reading to stabilize for 60 seconds. Execute Cal,mid,7.00
command via Atlas EZO board.
3. Rinse probe. Submerge in pH 4.01 buffer. Execute Cal, low, 4.01 command.
4. Rinse probe. Submerge in pH 10.01 buffer. Execute Cal,high,10.01 command. Confirm Nernst slope
calculation between

95%--102%
(
56.2--60.3 mV /pH
at
25°C
).

Appendix C: Emergency Protocols, Chemical Compatibility Matrix &
Hazmat Neutralisation Guide

Emergency Protocol 01: High-Voltage DC Arc Flash Mitigation
» Trigger: Unexpected DC current arc during battery busbar maintenance or high-voltage solar string servicing.
* Immediate Action Steps:
1. Do NOT attempt to break DC arcs with unprotected hands or uninsulated metal tools. DC arcs do not cross
zero voltage points and will sustain continuously across open air gaps.
2. Throw the main mechanical heavy-duty DC isolation breaker equipped with magnetic arc chutes.
3. If arc persists, smother arc contact zone using Class D dry powder fire extinguisher or non-conductive sand.
4. Administer first aid for thermal burns. Notify emergency medical services immediately.

Chemical Compatibility Matrix Reference

Chemical Class Acids (Inorganic)  Bases (Alkaline) Flammable Sol- Oxidizers (
vents H,0,
)
Acids (HCI, COMPATIBLE EXPLOSIVE RE- SEVERE HEAT / SEVERE REAC-
H,PO, ACTION FIRE TION
)
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Bases (KOH, EXPLOSIVE RE- COMPATIBLE SEVERE HEAT / SEVERE REAC-
NaOH) ACTION CORROSION TION
Flammables SEVERE HEAT / SEVERE HEAT / COMPATIBLE EXPLOSIVE
(Ethanol) FIRE CORROSION FIRE
Oxidizers ( SEVERE REAC- SEVERE REAC- EXPLOSIVE COMPATIBLE

H,0,30% TION TION FIRE

)

Appendix D: Open-Source Software, Firmware Code Repositories &

Calibration Formulas Reference

Mathematical Reference Formulas Summary
1. Mass Balance Equation:

dM, . . .
(51};5 = = E My, — E :mout + Tgen
2. Thermodynamic Efficiency:

_ mlet + Qutil + Echem
nsys - Z E.
in

3. Solar PV Output Temperature Compensation:

Boy(T) = Fyre - % 1+ (Teen — 25)]
4. Micro-Hydro Kinetic Power Output:
]Dhydro:ntotal'p'g°Q'H
5. Rayleigh Liquid Jet Droplet Breakup:

1/6inin
Jpod
dy~1.89-d,- (1+3< pe ))

U

6. PID Feedback Control Output:

de(t)
dt

u(t) = K,e(t) + Ki/e(T)dT + K,
7. Vapor Pressure Deficit (VPD):
RH
VPD = VPsat (Tieaf) - VPsat (Tair) ’ (ﬁ)

8. Log-Distance RF Path Loss:
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d
PL(d) = PL(dy) + 10 - n - log, (d—) P X,
0

9. Beer-Lambert Optical Absorbance:
I
A lambda — 10g10 I_ = € lambda b-c
0

10. Combined Measurement Uncertainty:
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