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Abstract

Reducing the greenhouse gas (GHG) intensity of dairy production remains challenging
because enteric methane and upstream supply chain emissions persist despite existing
mitigation strategies. This study evaluated a supply chain decarbonization approach in
which Spirulina (Arthospira platensis) produced through a carbon-removal supply chain
(GeoSpirulina) was incorporated into dairy rations to enable net supply chain carbon
removal within cradle-to-farm-gate boundaries. A carbon-focused life cycle assessment
(LCA) was combined with a commercial-scale feeding trial to determine an appropriate
inclusion rate and assess production outcomes. The LCA integrated primary activity and
production data from the commercial dairy farm with previously published GeoSpirulina
production and soil organic carbon sequestration data derived from primary Icelandic
production and field studies, supplemented by secondary background datasets and pub-
lished dairy emission estimates. GeoSpirulina was produced using geothermal energy
and coupled with soil organic carbon sequestration associated with the application of
residual biomass as a soil biostimulant, resulting in a modeled net-negative production
footprint. Under the defined LCA assumptions, supplementation with 2 g cow−1 day−1 of
GeoSpirulina reduced the modeled milk GHG intensity from approximately 1.9 to 0.06 kg
CO2e kg−1 at the farm gate. Scenario analysis identified active vitamin B12 concentration
as a key driver of the modeled carbon balance. Milk yield and group-level feed efficiency
were unaffected, whereas butterfat (+4.7%, p = 0.002), fatty acids (+4.4%, p = 0.011), and
somatic cell count (−71%, p = 0.007) improved without detectable adverse effects. These
findings suggest that carbon-negative feed ingredients may provide a complementary
sustainability strategy for dairy production by embedding measurable carbon removal
within agricultural supply chains while maintaining production performance. Although
this approach counterbalances rather than eliminates biological emissions, it may contribute
to broader dairy decarbonization and sustainable food-production strategies alongside
direct greenhouse gas mitigation interventions.

Keywords: sustainable dairy production; agricultural decarbonization; supply chain carbon
removal; life cycle assessment; soil organic carbon sequestration
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1. Introduction
Dairy farming is among the most carbon-intensive agricultural activities, contributing

substantially to global greenhouse gas (GHG) emissions. The dairy sector was responsible
for roughly 2.2 gigatonnes of CO2-equivalent (CO2e) emissions in 2022 [1]. In the United
States, the GHG intensity of fat- and protein-corrected milk (FPCM), a standardized metric
adjusting for milk composition, ranges from 1.24 to 1.87 kg CO2e per kilogram of milk
when assessed from cradle to farm gate [2]. Enteric methane from cows is the single
largest contributor, accounting for about 25–30% of the carbon footprint of raw milk [1].
Additional emissions arise from manure management, feed production, and on-farm
energy use.

Over the past decade, a range of strategies have been investigated to mitigate or reduce
enteric methane in dairy cattle. Dietary modifications, such as high-grain diets or lipid
supplementation, can alter rumen fermentation and modestly reduce methane yield per
unit of feed [3,4]. Feed additives, including chemical inhibitors such as 3-nitrooxypropanol
(3-NOP), alternative hydrogen acceptors (e.g., nitrates) [5], plant secondary compounds
(e.g., tannins, saponins, essential oils) [6], seaweed-derived compounds, and ionophores,
have demonstrated methane reductions typically in the range of 10–30% in controlled
trials [7–9]. More substantial suppression (up to ~60% less methane) is possible with
red seaweed (Asparagopsis), though its application is constrained by concerns over bro-
moform content, supply scalability, and potential diminishing efficacy over time [10].
Alternative approaches targeting the rumen microbiome, such as direct-fed microbials,
protozoa suppression (defaunation), and experimental methanogen vaccines, have gener-
ally achieved smaller reductions (often <20%) or face significant challenges in large-scale
deployment [11–13].

Genetic selection for low-methane cows represents a promising long-term strategy but
requires extensive measurement and multi-generational breeding to achieve population-
level impact [14]. To date, no single intervention has fully eliminated enteric methane
emissions, and even the most effective combinations leave residual emissions from ruminal
fermentation and other on-farm sources. Consequently, achieving no net GHG emissions
per unit of milk remains challenging. The objective of achieving a near-net-zero cradle-to-
farm-gate greenhouse gas footprint is therefore not to eliminate biological greenhouse gas
production by dairy cattle, but rather to counterbalance unavoidable emissions through
verified carbon removal elsewhere within the production supply chain.

Carbon-negative feed ingredients represent such a potential supply chain approach
for reducing the GHG intensity of milk production. Unlike carbon offsets, sourced from
external projects, this approach embeds carbon removal directly within the dairy value
chain itself. The concept is exemplified by Spirulina (Arthrospira platensis), a blue-green
microalga that can be cultivated in a manner that removes more CO2 from the atmosphere
than it emits. In a recent analysis, Smidt-Jensen et al. demonstrated that Phycocyanin,
a pigment produced from GeoSpirulina (Spirulina produced using geothermal energy
and coupled with waste-based carbon dioxide removal via soil organic carbon (SOC)
sequestration), achieved a net-negative carbon footprint, based on primary data from field
trials [15]. The current research is based on the same coupled production-removal system
foundations: Spirulina cultivation integrated with a renewable energy source, extracting a
product (active vitamin B12) and utilizing the cultivation waste stream for application to
degraded soils as a biostimulant, enhancing SOC storage.

Primary data from Icelandic field trials, including a conservative 20% reduction fac-
tor, indicate that GeoSpirulina waste-based biostimulation can sequester approximately
1.1 metric tons of carbon per hectare annually in soil [15]. This data is consistent with
published data obtained over decades of SOC field trials in Iceland, where the carbon was
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demonstrated to remain stored in local soils for periods exceeding 100 years [16]. When
this durable biogenic carbon removal is accounted for in a life-cycle assessment (LCA), the
Spirulina-based product carries a carbon-negative emissions profile. By incorporating a
small amount of this carbon-negative B12-rich Spirulina into dairy cow rations, the negative
emissions footprint from this feed supplement can counterbalance the cow’s GHG outputs
through supply chain decarbonization. This approach is conceptually consistent with
emerging GHG accounting frameworks, as the associated carbon removal can be quantified
within a life cycle assessment and linked to farm-level feed inputs, potentially contributing
to corporate emissions reporting.

In addition to its carbon benefits, Spirulina offers potential nutritional advantages as
a feed supplement. It is rich in protein, vitamins (e.g., Vitamin B12 in GeoSpirulina [17]),
minerals (e.g., magnesium sulphate) and antioxidants (e.g., phycocyanin, carotenoids, and
phenolic compounds). Notably, Spirulina has been tested as a low-inclusion feed additive
in dairy cows (typically ≤20 g per cow per day) and found to be safe and well-tolerated.
Multiple in vivo trials report that such small doses do not adversely affect feed intake, milk
flavor or cow health [18–21]. Moreover, several studies have observed improvements in
milk quality and cow well-being [18,20,22]. For example, even a micro-dose of ~0.2 g (dry
weight) Spirulina per day increased milk yield (+7.6%), fat (+22.0%) and protein (+9.7%)
content and decreased somatic cell counts (SCC, an indicator of mastitis)) (−29.0%) [23].
Another study reported that cows receiving 20 g Spirulina per day had dramatically
lower SCC by the end of the trial (−94.6%), alongside improved milk yield (+18.8%),
fat (+15.0%) and protein (+10.1%) composition [24]. These benefits were attributed to
Spirulina’s antioxidant and immunomodulatory properties, which may enhance cows’
oxidative status and immune response [25]. While reported experiments were relatively
short-term and limited in scale, collectively they suggest that including a few grams of
Spirulina in the diet could improve milk quality and animal health without negative side
effects [18,21].

The aim of this study was to evaluate whether supplementation with a carbon-negative
GeoSpirulina feed ingredient could counterbalance the modeled greenhouse gas emissions
associated with raw milk production while maintaining dairy production performance
under commercial farm conditions. A carbon-focused life cycle assessment was conducted
to quantify the effect of GeoSpirulina supplementation on the cradle-to-farm-gate carbon
footprint of fat- and protein-corrected milk and to identify an inclusion rate capable of
approaching a net-zero supply chain carbon balance under the defined model assumptions.
The resulting inclusion rate was subsequently evaluated in a five-month commercial-farm
feeding trial using primary farm activity and production data to assess milk yield, group-
level feed efficiency, milk composition, somatic cell count, and selected animal-welfare
indicators. This integrated approach evaluated the feasibility of embedding carbon removal
within the dairy supply chain through a carbon-negative feed ingredient while assessing
its compatibility with commercial dairy production.

2. Materials and Methods
The present study comprised three complementary methodological components. First,

a cradle-to-farm-gate life cycle assessment (LCA) was conducted to evaluate the green-
house gas implications of incorporating GeoSpirulina into dairy production and to de-
termine a practical supplementation rate. The LCA combined primary production data
from the commercial dairy farm with previously published primary data describing the
GeoSpirulina production-removal system and associated soil organic carbon sequestration.
Second, a commercial dairy feeding trial was conducted to evaluate the effects of the
selected GeoSpirulina supplementation strategy on milk production, milk composition,
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somatic cell count, and selected animal welfare indicators. Finally, sensitivity and scenario
analyses were performed to evaluate the robustness of the modeled greenhouse gas out-
comes under varying assumptions regarding the active vitamin B12 concentration of the
supplemented biomass.

2.1. Life Cycle Assessment
2.1.1. Goal and Scope Definition

The goal of the assessment was to quantify the cradle-to-farm-gate greenhouse gas
footprint of fat- and protein-corrected raw milk produced at Goodrich Family Farm (Sal-
isbury, VT, USA) and to evaluate the modeled effect of incorporating GeoSpirulina into
the dairy supply chain. The functional unit was 1 kg of fat- and protein-corrected milk
(FPCM) at the farm gate. The assessment focused exclusively on the climate change impact
category, expressed as 100-year global warming potential (GWP100).

The system boundary encompassed the coupled GeoSpirulina production-removal
system in Iceland, transportation of the GeoSpirulina feed ingredient from Iceland to
the United States, background feed and energy supply, and on-farm milk production at
the commercial dairy farm in Vermont. The GeoSpirulina system included geothermal-
integrated cultivation and harvesting of Arthrospira platensis biomass at the Hellisheidi
Geothermal Park, followed by downstream processing and extraction to produce the B12-
rich GeoSpirulina biomass used as the dairy feed ingredient. A separate waste stream
generated during processing was used as a soil biostimulant on degraded Icelandic soils
and was associated with increased soil organic carbon storage. The B12-rich GeoSpirulina
feed ingredient was packaged and transported by truck to the Reykjavík seaport, shipped
to Boston, Massachusetts, USA, and subsequently transported by truck to Goodrich Family
Farm, where it was incorporated into the total mixed ration. Figure 1 presents the system
boundary and principal process flows.

Figure 1. System boundaries and process flows for the coupled GeoSpirulina production-removal
system, including cultivation, downstream processing and waste-stream biostimulant application for
soil carbon sequestration.

The dairy-system boundary included background feed and energy supply and on-farm
milk production to the farm gate. Downstream milk processing, distribution, retail, use,
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and end-of-life were excluded. Packaging end-of-life and the construction and maintenance
of production facilities were also excluded.

No separate allocation of dairy-system burdens to meat was performed. The baseline
milk carbon footprint was derived from published U.S. dairy production data reported per
kilogram of FPCM at the farm gate and was used as the reference system for evaluating the
incremental effect of GeoSpirulina supplementation. Accordingly, the present assessment
did not construct a new whole-herd multifunctional dairy inventory requiring independent
allocation between milk and meat. This methodological choice should be considered
when comparing the absolute carbon-footprint estimates with studies applying alternative
co-product allocation procedures.

Geographically, the foreground system represented GeoSpirulina production and soil
organic carbon sequestration in Iceland, intercontinental transportation between Iceland
and the northeastern United States, and commercial dairy production in Vermont, USA.
Temporally, primary farm activity and production data represented the five-month com-
mercial feeding trial conducted in 2025. GeoSpirulina production and soil organic carbon
sequestration parameters were obtained from the recently published assessment of the same
coupled production-removal system, which was based on primary Icelandic production and
field data. Background processes and baseline dairy emission parameters were obtained
from contemporary secondary LCA datasets and published literature. Technologically,
the foreground system represented industrial-scale geothermal-integrated GeoSpirulina
cultivation and processing in Iceland and a commercial free-stall dairy production system
in Vermont.

The assessment compared a baseline system without GeoSpirulina supplementation
with an intervention system in which B12-rich GeoSpirulina was incorporated into the
dairy ration. The LCA was used to estimate an inclusion rate capable of approaching a
net-zero cradle-to-farm-gate carbon balance under the defined model assumptions. The life
cycle inventory, data provenance, carbon-removal calculation, and scenario analysis are
described in the following sections.

2.1.2. Life Cycle Inventory and Data Provenance

The life cycle inventory combined primary activity data generated during the com-
mercial dairy feeding trial with previously published GeoSpirulina production-removal
data and secondary background datasets.

Primary data generated in the present study comprised commercial farm activity
and production data collected during the five-month feeding trial at Goodrich Family
Farm, including milk production, feed intake, and the parameters required to evaluate the
feeding intervention.

GeoSpirulina production, transportation, processing, and soil organic carbon seques-
tration parameters were adapted from the previously published life cycle assessment of
the same coupled GeoSpirulina production-removal system [15]. Although these param-
eters originated from primary production and Icelandic field measurements reported in
that study, they were incorporated into the present assessment as previously published
inventory data.

Background processes, transport datasets, packaging inventories, and baseline
dairy greenhouse gas emissions were obtained from secondary sources, including
environmental product declarations, published literature, and established life cycle
inventory databases.

Table 1 summarizes the principal foreground inventory processes, data sources, geo-
graphical representativeness, and data provenance used in the present assessment.
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Table 1. Life cycle inventory for raw milk production (per functional unit: 1 kg fat and protein
corrected milk).

Input Amount Data Source Comments

Aluminum, cast alloy [GLO] 8.68 × 10−5 kg EcoInvent 3.9 For bioreactor production
Battery, Li-ion [GLO] 2.20 × 10−6 kg EcoInvent 3.9 For drone production

Cable [GLO] 3.67 × 10−7 kg EcoInvent 3.9 For drone production
CO2 3.66 × 10−3 kg Elementary flow For cultivation
CO2 1.84 kg Elementary flow Carbon sequestration

Diesel [GLO] 1.63 × 10−1 MJ EcoInvent 3.9 For drone operation
Electricity, high voltage [IS] 3.52 × 10−2 MJ EcoInvent 3.9 Used in multiple processes
Electricity, medium voltage

[IS] 2.37 MJ EcoInvent 3.9 Used in multiple processes

Electronics, for control units
[RER] 1.28 × 10−4 kg EcoInvent 3.9 Used in multiple processes

Glass-fiber-reinforced plastic,
polyamide [RER] 1.19 × 10−4 kg EcoInvent 3.9 Used in multiple processes

Iron sulfate [GLO] 4.46 × 10−7 kg EcoInvent 3.9 Nutrients
Land occupation 6.40 × 10−5 m2 × a Elementary flow For cultivation

Light-Emitting Diode (LED)
[GLO] 1.08 × 10−4 kg EcoInvent 3.9 For bioreactor production

Milk production at farm 1.00 kg [2] At farm gate
Nitrogen fertilizer, as N [GLO] 2.23 × 10−4 kg EcoInvent 3.9 Nutrients

Nylon 6-6 [RoW] 4.40 × 10−8 kg EcoInvent 3.9 For drone production
Polyethylene, high density

[GLO] 2.20 × 10−6 kg EcoInvent 3.9 Used in multiple processes

Polypropylene [GLO] 2.80 × 10−6 kg EcoInvent 3.9 For bioreactor production
Polyvinylchloride [GLO] 2.82 × 10−5 kg EcoInvent 3.9 For bioreactor production
Silicone, at plant [GLO] 2.40 × 10−6 kg EcoInvent 3.9 For bioreactor production

Sodium phosphate [RoW] 1.79 × 10−4 kg EcoInvent 3.9 Nutrients
Steel, chromium steel 18/8

[GLO] 4.84 × 10−5 kg EcoInvent 3.9 For bioreactor production

Steel, unalloyed [RER] 3.10 × 10−5 kg EcoInvent 3.9 For bioreactor production
Tap water [IS] 7.46 × 10−1 kg EcoInvent 3.9 Used in multiple processes

Transport, freight, lorry 16–32
ton [GLO] 1.39 × 10−6 t × km EcoInvent 3.9 Used in multiple processes

Transport, freight, lorry
3.5–7.5 ton [GLO] 3.52 × 10−2 t × km EcoInvent 3.9 Used in multiple processes

Transport, freight,
transoceanic ship [GLO] 8.86 × 10−5 t × km EcoInvent 3.9 Used in multiple processes

Foreground processes were represented using primary commercial-farm activity data
and previously published inventory data derived from primary GeoSpirulina production
measurements and Icelandic field trials. Background processes were represented using
contemporary secondary life cycle inventory datasets and published literature. Data sources
were selected to maximize geographical, technological, and temporal representativeness of
the modeled systems.

2.1.3. Carbon-Removal and Intervention Scenario Calculation

The purpose of the life cycle assessment was not only to quantify the baseline cradle-
to-farm-gate greenhouse gas footprint of milk production but also to determine a practical
GeoSpirulina supplementation rate capable of counterbalancing these emissions through
the coupled production-removal system.

The carbon-removal contribution associated with GeoSpirulina supplementation was
calculated by combining the carbon-removal factor assigned to the coupled GeoSpirulina
production-removal system with the daily GeoSpirulina supplementation rate and express-
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ing the resulting net carbon-removal contribution relative to daily milk production. The
intervention scenario was calculated according to Equation (1).

Carbon removal (kg CO2e kg−1) =
GeoSpirulina dose (g cow−1 d−1) ×

GeoSpirulina removal factor (kg CO2e g−1)/milk yield (kg cow−1 d−1)
(1)

where the removal factor was derived from primary GeoSpirulina waste-based SOC se-
questration rates reported by Smidt-Jensen et al. [15].

The resulting carbon-removal contribution was combined with the modeled baseline
milk greenhouse gas footprint to estimate the net cradle-to-farm-gate greenhouse gas
intensity of milk production under GeoSpirulina supplementation. The supplementation
rate subsequently evaluated in the commercial feeding trial corresponded to the scenario
that approached a net-zero carbon balance under the defined model assumptions. Using the
carbon-removal factor assigned to the coupled GeoSpirulina production-removal system,
an inclusion rate of approximately 2 g cow−1 day−1 was estimated to counterbalance the
modeled cradle-to-farm-gate greenhouse gas emissions associated with the corresponding
quantity of milk produced under the defined model assumptions.

Thus, daily feeding assumptions used to interpret results were 2 g GeoSpirulina
(providing ~80 µg active vitamin B12) mixed into approximately 25 kg dry matter intake
(DMI) per cow per day, yielding about 38 kg raw milk per cow per day (group-level feed
efficiency ≈ 1.5 kg milk per kg dry matter).

2.1.4. Scenario and Sensitivity Analysis

The baseline scenario represented conventional milk production without GeoSpirulina
supplementation. The intervention scenario incorporated the B12-rich GeoSpirulina feed
ingredient into the total mixed ration at the inclusion rate identified through the life
cycle assessment.

Sensitivity analysis evaluated the influence of active vitamin B12 concentration on
the quantity of GeoSpirulina required to provide the target daily vitamin B12 dose. Three
scenarios representing low (40 µg), reference (80 µg), and high (120 µg) active vitamin B12

concentrations were evaluated. For each scenario, the required GeoSpirulina inclusion rate,
associated carbon-removal contribution, and resulting cradle-to-farm-gate carbon footprint
of milk were recalculated.

2.1.5. Life Cycle Impact Assessment and Contribution Analysis

Impacts were characterized with EF 3.1 (GWP100), applying the latest IPCC charac-
terization factors. This study investigated climate change only; LCIA results are relative
indicators and do not predict endpoint damages, threshold exceedance or risk. The LCA
was used to determine a practical GeoSpirulina inclusion rate for the feeding trial. Con-
tribution analysis was performed to identify the principal sources contributing to the
modeled cradle-to-farm-gate greenhouse gas footprint under the baseline scenario and to
quantify the relative contribution of the GeoSpirulina production-removal system under
the intervention scenario.

2.2. Dairy Cow Feeding Trial
2.2.1. Spirulina Preparation

GeoSpirulina biomass for the feeding trial was cultivated at industrial scale in Iceland
and subjected to downstream processing and extraction to produce the B12-rich biomass
used as the dairy feed ingredient, following previously described methods [17,26] adapted
from dry Spirulina extraction [27]. A separate waste stream generated during processing
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was used as the soil biostimulant within the coupled production-removal system. Active
vitamin B12 content was confirmed by Matís (Reykjavík, Iceland) using the analytical
approach described by Van den Oever and Mayer [28]. The separate processing waste
stream used as the soil biostimulant was evaluated by Eurofins AgroScience Services and
was found to meet the applicable criteria for use as an EU-approved biostimulant. It was
exempt under REACH Annex IV and had no regulatory classification under EC 1272/2008
(CLP/GHS).

2.2.2. Animals and Diets

The trial was conducted in 2025 at Goodrich Family Farm (Salisbury, VT, USA) in
Holstein cows in late lactation (~213 ± 14 days in milk). The experimental plan was
developed based on approved protocols used by North Carolina State University [29]
and the University of California, Davis [30]. The study was conducted on a privately
owned commercial dairy farm under routine production conditions. The intervention
consisted solely of supplementation of the total mixed ration with GeoSpirulina at a low
inclusion rate (2 g cow−1 day−1). No invasive procedures, experimental surgeries, blood
sampling, restraint beyond normal husbandry practices, or other procedures requiring
animal ethics oversight were performed. No academic institution or federally funded
research program was responsible for conducting or supervising the animal work. Accord-
ingly, formal review by an Institutional Animal Care and Use Committee (IACUC) was
not required. Animals remained under standard farm management and veterinary care
throughout the study. All procedures were consistent with normal commercial dairy man-
agement practices and complied with applicable state and federal regulations governing
livestock production.

Cows were allocated to a control group (n = 187) and a treatment group (n = 118), with
the experimental unit being the individual cow. However, milk production was measured
at the pen level, recorded by the farm. Individual feed efficiency was therefore not available.
The unequal group sizes reflect the practical constraints of conducting the study under
commercial farm conditions. Animals remained within existing production groups to
minimize disruption to normal farm management and feed delivery. Consequently, group
allocation was determined by operational considerations rather than experimental balanc-
ing. No animals were excluded from the study after allocation. To maintain continuous
group sizes during the late-lactation period and avoid premature dry-off, a small number
(~5%) of cows were replaced in both the control and treatment groups during the trial.
Replacements followed the same allocation criteria as the original animals. Replacement
animals were included as random effects in the mixed model. Baseline measurements
on day 0 confirmed the groups were comparable across key indicators (days in milk and
milk yield).

During the trial, cows were housed in free-stall pens under standard farm management
practices. Animals were milked twice daily in a rotary milking parlor. Pens were cleaned
while cows were being milked, and bedding consisting of separated manure solids was
refreshed approximately two to three times per week as needed. Environmental conditions
were managed using fans, curtains, and water misters to mitigate heat stress, with fans
activated above approximately 16 ◦C (60 ◦F), curtains opened above ~2 ◦C (35 ◦F), and
periodic misting applied when temperatures exceeded ~24 ◦C (75 ◦F).

All cows received the same ad libitum total mixed ration (TMR) formulated to meet
or exceed NRC/NASEM recommendations for late-lactation Holstein cows. The basal
diet consisted primarily of corn silage, haylage, concentrate mix, and a mineral-vitamin
premix. The composition of the basal ration is also presented in Table 2. A comprehensive
laboratory nutrient analysis of the commercial total mixed ration was not performed
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during the feeding trial. Consequently, only the dietary information routinely recorded
by the commercial farm was available for inclusion in the present study. The treatment
ration was identical to the control ration except for supplementation with GeoSpirulina
at 2 g/cow/day, which was mixed into the TMR once daily. This supplementation rate
represented approximately 0.008% of daily dry matter intake and was selected through the
life cycle assessment to provide the targeted active vitamin B12 dose while maximizing the
modeled carbon-removal contribution. Because feeding was conducted under normal farm
management conditions, individual supplement intake could not be confirmed directly
and as the inclusion rate represented less than 0.01% of daily dry matter intake, the
macro-nutrient composition of the treatment and control diets was considered equivalent.
Product specifications supplied by the manufacturer are also summarized in Table 2. A
comprehensive laboratory compositional analysis of the commercial product was not
performed as part of the present commercial feeding trial.

Table 2. Nutritional composition of the basal TMR and GeoSpirulina as a percentage of dry
matter (DM).

TMR % DM

Corn silage [%] 32
Haylage/grass silage [%] 20
Alfalfa hay [%] 6
Ground corn [%] 24
Soybean meal [%] 14
Mineral-vitamin premix [%] 2
Other ingredients [%] 2

GeoSpirulina % DM

Crude protein [%] 65.4
Fat [%] 14.3
Ash [%] 6.2

Due to the nature of the feeding intervention, farm personnel responsible for feed
preparation and animal management were aware of group allocation. Laboratory analyses
of milk composition and somatic cell count were conducted by external laboratories blinded
to treatment group. Statistical analyses were performed using coded group identifiers to
minimize bias during data interpretation.

Animals were monitored daily through routine visual inspection by farm personnel.
In addition, cows were equipped with activity monitoring collars that recorded rumination
time, feeding duration, and activity levels. No adverse health events related to the feeding
intervention were observed during the trial, and no animals were removed due to adverse
effects. No predefined humane endpoints were required as the study involved routine
feeding practices without invasive procedures.

2.2.3. Measurements

Dry matter intake (DMI; kg/cow/day) was recorded daily with an electronic feed
management system (Topcon TMR Tracker Pro+). Milk yield (kg/cow/day) was captured
by automated milking meters (GEA DemaTron 60) and summarized daily and weekly. Feed
efficiency was calculated as milk yield divided by DMI. Milk fat (%) and Fatty acids (%)
were analyzed weekly by mid-infrared spectroscopy (Milkoscan FTIR; Dairy One laboratory,
New York, NY, USA). Somatic cell count (SCC; cells/mL) was quantified weekly by flow
cytometry (Fossomatic; Dairy One laboratory, New York, NY, USA). As a welfare indicator,
heavy breathing (minutes/cow/day of elevated respiratory rate) was monitored daily
using SCR collars (Allflex Livestock Intelligence, MSD Animal Health). Milk composition
and somatic cell count were determined from representative bulk milk samples collected
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weekly from each experimental pen. An equal number of pens was sampled for both
the control and GeoSpirulina treatment groups throughout the five-month feeding trial,
ensuring balanced sampling across treatments.

The primary outcome measure for the feeding trial was somatic cell count (SCC), with
milk yield, milk composition, group-level feed efficiency, and welfare indicators considered
secondary outcomes.

2.2.4. Statistical Analysis

Group size was determined based on herd size and commercial farm constraints;
no a priori power calculation was performed. Group means for milk yield and DMI
were compared by one-way ANOVA. Repeated measures variables (heavy breathing, milk
fat and protein) were analyzed by two-way ANOVA with fixed factors group and time,
including their interaction, and animal as the subject for repeated measurements. SCC
was analyzed with a mixed-effects negative binomial regression including group as a fixed
effect and animal as a random effect. Model assumptions were assessed using residual
diagnostics and normality testing. Statistical significance was set at p < 0.05. Analyses were
conducted in JMP 19.

3. Results
3.1. Life Cycle Assessment Results

The carbon footprint analysis showed that the supply chain decarbonization strategy
of adding a small quantity of GeoSpirulina to the dairy system can fully balance the
emissions from milk production.

In our baseline scenario (no Spirulina), the cradle-to-farmgate GHG emission intensity
for raw milk was conservatively estimated at 1.9 kg CO2e per kg of milk, consistent with
the industry upper limit for modern U.S. dairy farms. In the baseline scenario, enteric
methane represented the largest contributor to the modeled milk carbon footprint, followed
by manure management and feed production, consistent with previously published U.S.
dairy LCAs.

By incorporating 2 g of GeoSpirulina per cow per day, the net milk carbon emissions
dropped to near zero. The negative carbon contributions of the Spirulina (due to the
waste-based CO2 captured and sequestered during its production) balanced the total GHG
emissions from milk production: methane, feed, transport, and packaging; see Figure 2 for
the results of the contribution analysis. As a result, the milk produced under this scenario
had a near net-neutral or slightly net-negative carbon intensity (within the uncertainty
of the LCA calculations). Although the intervention reduced the net greenhouse gas
balance, enteric methane remained the dominant biological emission source throughout
the assessment. The modeled reduction resulted from the carbon-removal contribution
associated with the GeoSpirulina production-removal system rather than direct reduction
in enteric methane emissions (see Figure 2). Therefore, this near-zero greenhouse gas
footprint should be interpreted as the modeled net cradle-to-farm-gate carbon balance
obtained under the assumptions of the life cycle assessment and does not imply elimination
of biological greenhouse gas emissions at the farm level. Table 3 summarizes the baseline
scenario together with the sensitivity scenarios generated by varying the active vitamin B12

concentration while holding all other inventory parameters constant.
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Figure 2. Contribution of major greenhouse gas sources to the cradle-to-farm-gate carbon foot-
print of milk production with GeoSpirulina supplementation. Emission sources include enteric
methane, manure methane, feed production (including fertilizer-related N2O), and on-farm energy
use. The negative contribution represents supply chain-embedded carbon removal associated with
GeoSpirulina production.

Table 3. Modeled cradle-to-farm-gate carbon footprint of milk production (kg CO2e kg−1 milk) under
baseline conditions, GeoSpirulina supplementation, and selected sensitivity scenarios. Results are
based on a life cycle-based carbon footprint analysis. Sensitivity scenarios reflect variation in active
vitamin B12 concentration and soil organic carbon (SOC) sequestration assumptions. Percent change
is calculated relative to the baseline system without supplementation.

Scenario: Inclusion [g/Cow/Day] Active B12 Assumption
[µg/Cow/Day]

Milk Carbon Footprint
[kg CO2e kg−1] Change vs. Baseline

Baseline 0 N/A 1.90 N/A
GeoSpirulina—
intervention 2 80 0.06 −96.8%

GeoSpirulina—low B12 2 40 0.98 −48.4%
GeoSpirulina—high
B12

2 120 −0.86 −145.3%

Values represent model estimates and are subject to uncertainty associated with soil carbon permanence, active
vitamin B12 concentration, and system boundary assumptions.

A sensitivity analysis confirmed that the degree of carbon negativity depends on
Spirulina’s characteristics, particularly its active vitamin B12 content, which influences
the carbon sequestration achieved in the production process. In our primary scenario,
Spirulina with a high active B12 content yielded a net footprint of about −0.86 kg CO2e
per kg milk, indicating a modest net removal of CO2 overall. If the Spirulina’s carbon
sequestration efficiency were lower (e.g., assuming a lower B12 yield), the milk’s footprint
would be correspondingly less negative—though still near carbon-neutral or slightly below
zero. These results suggest that, under the assumptions of the present LCA, net-zero or
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net-negative cradle-to-farm-gate milk carbon balances may be achievable through inclusion
of carbon-negative feed ingredients

3.2. Feeding Trial Results

This five-month on-farm feeding trial assessed the practical effects of adding 2 g/day of
GeoSpirulina to the diet of lactating cows. Baseline characteristics for both the experimental
and control groups can be found in Table 4.

Table 4. Baseline characteristics and production parameters of the control (CTRL) and experimental
(EXP) groups. Values are presented as mean ± SD and represent cow-level averages over a 14-day
baseline period preceding initiation of the feeding trial.

Parameter CTRL (n = 187) EXP (n = 118)

Milk yield [kg cow−1 d−1] 38.9 ± 2.5 38.1 ± 2.2
Dry matter intake (DMI) [kg cow−1 d−1] 25.5 ± 1.5 24.7 ± 1.2
Days in milk (DIM) [d] 209 ± 15 218 ± 13
Somatic cell count (SCC) [×103 cells mL−1] 151 ± 16 149 ± 13
Milk butterfat [%] 4.2 ± 0.1 4.1 ± 0.1
Milk fatty acids (MFA) [%] 1.37 ± 0.1 1.38 ± 0.1
Cow parity [no.] 2.7 ± 1.1 2.8 ± 1.0

No sensorial differences (color, smell or taste) were observed; however, differences in
milk quality were observed between the experimental and control groups (see Table 5).

Table 5. Five-month average measurements of animal welfare and milk quality of control (CTRL)
and experimental (EXP) groups.

Measurement CTRL EXP ∆ p-Value

Group-level Feed Efficiency (FE)
[kg/kg] 1.5 ± 0.12 1.5 ± 0.13 0% a 0.894

Heavy Breathing [min/d] 46.4 ± 14.5 32.2 ± 13.0 −31% a 0.141
Somatic Cell Count (SCC) c

[×103 cells/mL] 156 ± 35 41 ± 32 −71% b 0.007 b

Fat (Butter Fat Percentage—BFP) [%] 4.34 ± 0.06 4.51 ± 0.05 +4.3% b 0.002 b

Fatty Acids (MFA) [%] 1.46 ± 0.03 1.52 ± 0.03 +4.4% b 0.011 b

a No statistically significant difference. b Statistically significant difference. c Last month average.

Daily milk yield did not differ between treatments, indicating that GeoSpirulina
supplementation did not affect overall milk production during the feeding trial. While no
statistically significant differences in group-level feed efficiency (FE) (p = 0.894) and heavy
breathing (p = 0.141) were observed, cows receiving GeoSpirulina supplementation had
statistically significant (p < 0.05) improvements in milk quality and composition: a notable
decrease in SCC (p = 0.007) and increase in BFP (p = 0.002) and MFA. Heavy breathing was
numerically lower in cows receiving GeoSpirulina supplementation. However, the response
exhibited substantial inter-animal variability and did not reach statistical significance.
Consequently, this observation should be interpreted as a numerical trend rather than
evidence of a treatment effect.

Figures 3–5 provide monthly averages (±Standard Deviations) for key indicators.
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Figure 3. Somatic cell count (SCC) monthly averages during the experimental period.

Figure 4. Butter Fat Percentage (BFP) monthly averages during the experimental period.

The control group SCC level ranges between 150,000 and 200,000 cells/mL throughout
the trial, while the experimental group showed consistent decline, stabilizing at approxi-
mately 50,000 cells/mL by month five. During the experimental period, SCC decreased by
71% (IRR = 0.26, 95% CI = 0.20–0.65, p < 0.01)

Both experimental and control groups exhibit an upward trend in BFP values over
the experimental period. BFP was significantly higher in GeoSpirulina-supplemented
cows (4.56% vs. 4.37%). The ratio of means was 1.043 (95% CI: 1.017–1.068, p = 0.005),
corresponding to a 4.3% increase relative to the control group.
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Both experimental and control groups also exhibit an upward trend in MFA values
over the experimental period. MFA concentration was significantly higher in GeoSpirulina-
supplemented cows (1.55% vs. 1.48%). The ratio of means was 1.044 (95% CI: 1.020–1.068,
p = 0.003), corresponding to a 4.4% increase relative to the control group.

Figure 5. Milk Fatty Acids (MFA) monthly averages during the experimental period.

Overall, the feeding trial confirmed that including a carbon-negative Spirulina sup-
plement at the tested dose has no adverse effects on the measured indicators for cow
performance or milk quality. On the contrary, it conferred potential benefits: improved
milk quality, enhanced milk fat levels, reduced SCC, and potentially improved animal
comfort—all while enabling the cows to contribute to the production of milk products with
net supply chain carbon removal.

To place the proposed GeoSpirulina intervention within the broader context of avail-
able dairy greenhouse gas mitigation strategies, Table 6 summarizes key characteristics
of representative mitigation approaches reported in the literature, including their esti-
mated greenhouse gas reduction potential, implementation considerations, animal welfare
implications, and projected economic impacts.

Table 6. Comparison of key criteria of various milk emission reduction strategies, where
%NetZero * = % Reduction in Milk cradle-to-farm-gate Carbon Footprint, of which enteric digestion
emissions contribute ~27% [2]; Projected Cost ** = Estimated net cost of GHG emission reduction,
considering milk production benefits.

Method % NetZero * Regulatory
Barriers

Animal Welfare
Benefits

Milk Production
Benefits

Fading and
Dosing Risk Projected Cost **

Carbon negative
ingredients (this
study)

Potential of 100%
via supply chain
carbon removal

None
(GRAS list)

Reduced heavy
breathing

Decreased SCC
Increased % BFP
Increased % MFA

Little risk Low
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Table 6. Cont.

Method % NetZero * Regulatory
Barriers

Animal Welfare
Benefits

Milk Production
Benefits

Fading and
Dosing Risk Projected Cost **

Dietary
modifications
(ratio balancing,
starch/fiber shifts,
modest fats)
[3,4]

~2–4% Minimal Improved feed
digestibility

Positive effects on
milk yield and
composition

Medium Low-Medium

Synthetic
compounds (3-
Nitrooxypropanol)
[7,8]

~5–8% (dairy) Minimal in EU Not significant Limited Medium–High Medium

Nitrate salts
[5] ~3–6% Medium-High Not significant No Medium–High NA

Plant secondary
compounds
(essential
oils/tannins/saponins)
[6]

~2–6% Medium Improved rumen
health Modest Medium–High Low

Red seaweed
(Asparagopsis)
[10]

~7–20% High Not significant No Medium–High High

Ionophore
(monensin)
[3]

~1–3% Medium Not significant

Improved feed
efficiency

Small increases in
milk yield and fat

content

Medium Medium

Rumen
defaunation
(remove protozoa)
[11]

~3–6% (research) Medium-High Less digestive
hydrogen load

Limited
information High N/A

(not commercial)

Direct-fed micro-
bials/microbiome
modulation
[9]

~0–3% (variable) Medium-High

Improved rumen
fermentation,

better
digestibility, and
reduced risk of

sub-acute ruminal
acidosis (SARA)

Limited
information High Medum-High

Phage therapy
(target
methanogens)
[13]

— Very High Not reported Limited
information High N/A

(not commercial)

Breeding and
genetic selection
(low-CH4 indices)
[14]

Gradual,
Cumulative None

Indirect welfare
benefits through

improved
resilience

Potential milk
quantity benefit Low N/A

Methanogen
vaccines
[12]

— High Not reported Limited
information High N/A

(not commercial)

4. Discussion
The present study comprised two complementary components. The life cycle as-

sessment was used to determine a GeoSpirulina supplementation scenario capable of
approaching a modeled near-net-zero cradle-to-farm-gate greenhouse gas balance, whereas
the commercial feeding trial evaluated whether implementation of this supplementation
strategy affected dairy production performance or animal-related outcomes. Spirulina-
based supplementation was feasible under the conditions of this study and at the inclusion
rate tested, with minimal changes to routine feeding practices. The algae powder was
mixed into the cows’ daily ration at a low dose (a few grams per cow), which did not visibly
alter feed texture. No adverse effects on feed intake or apparent palatability were observed
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during the trial, and no changes in milk flavor were reported under the study conditions.
These observations suggest that, at low inclusion levels, integrating a carbon-negative
microalgal ingredient into the diet may be operationally compatible with routine farm
management without measurable disruption to animal performance.

Comparisons with other additives should be interpreted cautiously, as palatability
and product-quality responses are dose-, formulation-, species- and context-dependent.
However, it is important to clarify that this strategy counterbalances emissions through
supply chain carbon removal rather than directly reducing enteric methane or other bi-
ological emission sources at the farm level. The approach therefore complements mit-
igation strategies aimed at lowering emissions within the production system itself. In
addition, the present life cycle assessment was carbon-focused and evaluated climate
change impacts only. Other environmental impact categories were not assessed, and there-
fore potential trade-offs beyond greenhouse gas emissions remain outside the scope of
this analysis.

Previous assessments of the underlying Spirulina production system indicate that
certain resource demands, including water and land use associated with soil-based carbon
sequestration, may increase relative to conventional production pathways [15]. Although
these effects are context-dependent, they highlight that carbon sequestration strategies can
shift environmental burdens rather than eliminate them. A comprehensive evaluation of
additional impact categories would be required to determine the overall environmental
balance of large-scale implementation.

Beyond emissions, Spirulina is a nutrient-dense feed ingredient containing protein,
vitamins (e.g., Vitamin B12, in the case of GeoSpirulina), minerals (such as Magnesium
Sulphate), and antioxidant compounds, and these characteristics may have relevance
for cow health and productivity. At the low inclusion rate used here, Spirulina con-
tributed only a small proportion of the overall ration, but it may still have influenced
measured outcomes.

The observed reduction in SCC is consistent with the findings of Ragab et al. [24],
reporting >90% decline in SCC following an order of magnitude higher Spirulina supple-
mentation rate in Holstein cows with subclinical mastitis, after 21 days of supplementation—
obtained in a small, uncontrolled cohort. This study also reported that milk fat, protein,
lactose, casein, and milk yield also increased during the supplementation period.

The observed changes in milk composition are consistent with several additional
studies [18,21], suggesting a possible nutritional or physiological effect, although this study
was not designed to isolate causal mechanisms. An important strength of the present
study is its scale and duration relative to previously published Spirulina supplementation
trials in dairy cattle. Earlier studies reporting improvements in milk composition, somatic
cell count, or animal performance have generally been conducted over relatively short
periods (typically several weeks) and with limited numbers of animals, which can make
it difficult to distinguish treatment effects from normal biological variation. In contrast,
the current commercial-farm trial followed more than 300 lactating cows for five months,
with both the control (n = 187) and treatment (n = 118) groups exceeding 100 animals.
This larger sample size and extended observation period allowed temporal trends to be
evaluated with greater confidence and provided substantially greater statistical power to
detect persistent treatment-associated effects, although the unequal allocation may have
reduced statistical power for some outcome variables and should therefore be consid-
ered when interpreting non-significant findings. The consistent, statistically significant
divergence observed between groups over multiple months, particularly for somatic cell
count, butterfat percentage, and milk fatty acid content, suggests that the measured re-
sponses were not transient fluctuations but sustained trends under commercial production
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conditions. As such, the present study is among the larger and longer-duration commercial-
farm evaluations reported for Spirulina supplementation in dairy cattle, demonstrating
how low-dose Spirulina supplementation can influence milk quality and reduce somatic
cell count in dairy cows. Nevertheless, longer-term and dose–response trials, includ-
ing targeted measurements of micronutrient status, immune function, and metabolic
indicators, are needed to determine whether Spirulina supplementation can reliably im-
prove broader herd-health outcomes or reduce the need for specific supplements under
commercial conditions.

An important feature of this coupled Spirulina production-removal system approach
is that the climate benefit arises through supply chain-embedded carbon removal rather
than direct suppression of on-farm biological emissions. In the present study, CO2

removal associated with GeoSpirulina production and subsequent soil carbon seques-
tration was estimated using a dedicated LCA and conservatively limited to the frac-
tion modeled as durably sequestered, excluding carbon expected to be rapidly respired
after ingestion.

In principle, batch-level documentation of production and sequestration parameters
could support traceability within dairy supply chains and may facilitate carbon accounting,
provided that robust chain-of-custody procedures, verification protocols, and safeguards
against double counting are in place. However, broader application of such accounting
approaches would require standardized methodologies and independent validation across
production contexts.

Unlike most of the enteric digestion mitigation techniques, Spirulina’s climate ben-
efit does not hinge on continuous precision dosing: if supplementation is paused, the
only loss is the forgone carbon removal for that period, without any methane or other
“rebound” effects. There is no evidence of diminishing returns over time, as Spirulina
is not a pharmacological agent to which rumen microbes adapt, but a nutrient-rich
feed component.

However, comparative performance across mitigation options should be evaluated
carefully, and longer-term studies are still needed to assess consistency of production
responses and implementation outcomes over time.

Broader adoption of Spirulina-enriched feed will depend on economic viability for
farmers and value-chain partners, which should be assessed using transparent assumptions
and, ultimately, formal techno-economic analysis under commercial conditions [31]. The
present study did not include a formal techno-economic analysis, and cost-effectiveness
therefore cannot be established here—qualitative rankings presented in Table 6 are based
on literature review and expert judgment. Although the Spirulina-fed group showed
improvements in milk composition and SCC under the study conditions, the economic
significance of these changes will depend on local milk-pricing systems, herd context,
additive cost, and management practices. Additional value may arise if supply chain
actors recognize and reward verified emissions mitigation, but such mechanisms are
market- and policy-dependent. Future work should integrate production data, addi-
tive costs, milk-pricing structures, and carbon-accounting assumptions into a formal
economic assessment.

Large-scale cultivation and valorization of co-products (e.g., pigments or vitamins)
may improve the economics of Spirulina production, but the extent of this effect will depend
on process configuration, product markets, and allocation assumptions. Accordingly, any
conclusion regarding economic justification of supplementation requires a scenario-based
techno-economic analysis that explicitly examines feed costs, milk-value effects, and carbon-
accounting incentives under different commercial conditions.
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In this study, Spirulina supplementation at the tested inclusion rate was well tol-
erated, with no apparent adverse effects on feed intake or measured production out-
comes. Potential animal-welfare, food-safety, regulatory, and consumer-acceptance con-
siderations remain important for broader deployment, but these were not directly eval-
uated here. Acceptance may vary across jurisdictions and value chains and should be
assessed empirically alongside efficacy, cost, and environmental performance in future
implementation studies.

Finally, the scalability of this approach warrants careful consideration. GeoSpir-
ulina has high areal productivity relative to many biomass systems, and its produc-
tion may avoid direct use of arable land depending on facility design and siting [32].
However, resource requirements and environmental performance are highly context-
dependent. At an inclusion rate of 2 g per cow per day, supplying the estimated global
population of 270 million dairy cows would require approximately 200,000 tonnes of
GeoSpirulina annually [14]. Current estimates suggest that Iceland’s existing utilities
could support production exceeding 100,000 tonnes per year [33], but these projections
rely on site-specific conditions, including access to renewable geothermal energy and
suitable soils for long-term carbon sequestration. Replication in other contexts would
require case-specific assessment of energy sources, land suitability, sequestration rates, and
carbon permanence.

The long-term durability of soil organic carbon storage also introduces uncertainty.
Although data from Iceland indicate multi-decadal stability, sequestration outcomes
are inherently site-specific and influenced by soil type, climate, and land manage-
ment practices. The availability of regions combining renewable energy infrastructure
with suitable soils for durable carbon storage may therefore constrain global scalability.
Broader deployment would require context-specific validation of both sequestration rates
and permanence.

Several additional limitations should be acknowledged. The feeding trial was con-
ducted on a single commercial farm, and treatment allocation was not randomized. Because
the feeding trial was conducted under commercial farm conditions, individual feed effi-
ciency, several baseline animal characteristics, and mechanistic physiological measurements
were unavailable. These limitations should be considered when interpreting the biolog-
ical responses reported. No a priori sample size calculation was performed because the
study represented a commercial-farm validation using the available herd rather than a
prospectively powered randomized controlled trial. Consequently, secondary outcomes
should be interpreted with appropriate caution. Although the dietary treatments were
applied under identical commercial feeding conditions, the absence of a comprehensive
laboratory characterization of the total mixed ration precluded assessment of whether spe-
cific nutrient interactions may have influenced the observed responses. Future controlled
feeding studies incorporating complete diet characterization are therefore warranted. The
life-cycle assessment was limited to climate change impacts and relied on primary SOC data
from a single site during a single year to evaluate carbon removal rates and permanence.
Therefore, replication across multiple farms, climates, and production systems, as well as
multiple-year removal primary data, will be required before broader generalization. The
use of a published milk carbon-footprint baseline also meant that alternative allocation
procedures between milk and dairy co-products, including meat, were not independently
evaluated; such allocation choices may influence the absolute baseline footprint and should
be considered when comparing results across dairy LCA studies. Furthermore, as treatment
allocation was not randomized and the study was conducted under commercial farm condi-
tions, causal inference should be interpreted cautiously. Although baseline measurements
indicated that the treatment and control groups were broadly comparable at the start of
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the study, unmeasured differences between groups, management-related factors, housing
conditions, health history, or other confounding variables may have contributed to the ob-
served outcomes. The inclusion of replacement animals during the study period introduces
an additional potential source of variability, although these animals were accounted for
in the statistical analyses. Consequently, the observed associations between GeoSpirulina
supplementation and improvements in somatic cell count and milk composition should not
be interpreted as definitive evidence of causality. Replication using randomized controlled
designs across multiple farms and production systems will be important to confirm the
magnitude and consistency of the reported effects.

In summary, the modeled assessment indicated that carbon-negative GeoSpirulina
feed may provide a complementary sustainability strategy for reducing the net climate
impact of dairy production through supply chain-embedded carbon removal, while the
commercial feeding trial indicated that the tested inclusion rate could be implemented with-
out adversely affecting production performance. The study provides a proof-of-concept
for integrating carbon-removal supply chains into agricultural production and evaluating
their contribution within a life cycle carbon-accounting framework. However, the findings
should be interpreted within the defined system boundaries, trial duration, inclusion rate,
and carbon-focused scope of the LCA. Longer-term, multi-site trials and broader environ-
mental, economic, and social assessments are required to evaluate reproducibility, potential
trade-offs, and implementation conditions. If validated across production systems and
geographical contexts, supply chain-embedded carbon removal could complement direct
greenhouse gas mitigation as part of broader strategies for sustainable dairy production
and agricultural decarbonization.
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