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Moderador
Notas de la presentación
Good morning ladies and gentleman. Thanks for attending this talk entitled “Biological conversion of Greenhouse Gases into added value bio-products: Moving towards GHG Biorefineries”. 

mailto:mutora@iq.uva.es
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Climate Change due to Global Warming is likely the
most important environmental challenge in this XXI
century

Some Facts

110 million tons of GHGs are daily emitted to the
atmosphere

Accummulated antrophogenic GHGs trap every day
the energy of ~400.000 Hirosima Atomic Bombs

The last 5 years were the hottest ever recorded

Moderador
Notas de la presentación
Climate change due to global warming is likely the most important environmental challenge in this XXI century

110 millions tons of GHG are daily emitted to the atmosphere

Accumulated antrophogenic GHGs trap every day an energy equivalent to 400000 Hirosima atomic bombs

The last 5 years were the hottest ever recorded



October 2014 
2030 Climate and Energy Goals 

for a Competitive, Secure and Low-Carbon EU Economy

Ambitious objective for EU-GHG emissions: 40% by 2030

Moderador
Notas de la presentación
In October 2014, the EU leaders agreed on a more ambitious objective for the reduction of the European greenhouse gas emissions in order to mitigate climate change:  40 % of the emissions in 1990 by 2030.



4

IPCC 2014

What is the most important GHG Worldwide?

USA

EU28

Moderador
Notas de la presentación
On a 100 years horizon, CO2 represents 75 % of the global greenhouse gas emissions, with electricity production, transportation and industry as the main responsible for these emissions. 



Active Abatement of CH4 & N2O is also needed

Science, 326: 123-125

Moderador
Notas de la presentación
In a more realistic 20 years horizon, methane and nitrous oxide emissions are responsible for  41 % of the Global Warming impact 

Nitrous oxide is not only a very powerful greenhouse gas, but it is also the most important ozone depleting  substance emitted in  this XXI century.

Therefore, an active abatement of methane and nitrous oxide is also needed. 



INCREASED 
ENERGY 

EFFICIENCY

RENEWABLE ENERGY 
PRODUCTION

SUSTAINABLE 
TRANSPORTATION

CO2 CAPTURE & 
STORAGE

CH4 FLARING

CATALYTIC /NON-CATALYTIC
N2O REDUCTION

GHG 
Mitigation

Moderador
Notas de la presentación
Greenhouse gas mitigation can be achieved via increased energy efficiency, renewable energy production, sustainable transportation, CO2 capture and storage, CH4 flaring and nitrous oxide reduction. 



Increased Energy Efficiency
Renewable Energy Production
Sustainable Transportation

CO2 Capture & Storage

Active CH4 and N2O Abatement
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Climate Change Mitigation Strategies

Moderador
Notas de la presentación
This slide shows the hierarchy of climate change mitigation strategies, increased energy efficiency, renewable energy production and sustainable transportation being prefered over CO2 capture and storage and over an active CH4 and NO2 abatement.  The impact on climate change mitigation increases as we go up in the hierarchy, but the implementation times are significantly greater, and unfortunately the need to mitigate climate change is urgent!!



• Absorption
• Adsorption
• Membrane

separation

• Flaring
• Adsorption

• Selective catalytic 
reduction

• Selective non-
catalytic reduction

• Adsorption
• Scrubbing

 High Operating Cost

 High Environmental Impact

 No Resource Recovery out of GHG mitigation

End-of-the-pipe GHG abatement is dominated by..

Moderador
Notas de la presentación
End of the pipe carbon dioxide abatement is dominated by absoprtion, adsorption and membrane separation, methane abatement is dominated by Flaring and Adsorption, while nitrous oxide abatement is typically carried out via selective catalytic reduction, selective non-catalytic reduction, adsorption and scrubbing.  These physical chemical technologies exhibit high operation costs, high environmental impacts and don`t support a resource recovery out of GHG mitigation. 



but limitations
to overcome…

Biotechnologies for the abatement of gas pollutants:
 low operating costs
 low environmental impacts
 allow for pollutant valorization
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Biot Adv, 2012, 30:1354-1363

Moderador
Notas de la presentación
On the other hand, biotechnologies for the abatement of gas pollutants present lower operating costs than physical/chemical technologies, lower environmental impacts and can allow a valorization of  diluted emissions of gas pollutants. Unfortunately, several limitations MUST be overcome before biotechnologies become a cost-effective and environmentally friendly technology for GHG mitigation



Nutrient Availability Limited photosynthetic 
CO2 fixation

Limited Understanding of 
N2O Microbiology

Limited GHG mass 
transfer rates

No biotechnologies 
available for N2O 

abatement

High investment costs

Limitations to be overcome in GHG
abatement Biotechnologies:

No Resource Recovery Poor process economics

Moderador
Notas de la presentación
Nutrient availability  often limits the fixation of CO2 from flue gas by microalgae
The limited understanding of N2O biodegradation microbiology explains that no end-of-the-pipe biological technologies is available up to date
Conventional biotechnologies are designed to destroy the gas pollutant, which entails  very poor process economics
The limited GHG mass transfer rates entail the need for large biorreactor volumes and therefore high investment costs




High-Mass Transfer 
Bioreactors

Biopolymer Production from CH4

Photosynthetic CO2 fixation
from biogas

Innovative Biological
Processes for N2O abatement

Overcoming
GHG abatement

Limitations

Cosmetics Production from CH4

Moderador
Notas de la presentación
The work conducted in our lab at the University of Valladolid in the past 5 years focused on overcoming the previous limitations. We are currently working on photosynthetic CO2 fixation from biogas, innovative biological processes for N2O abatement, biopolymer production from CH4, Cosmetic production from CH4, and High mass transfer bioreactors. 



World fertilizer (N+P2O5 +K2O) production
capacity in 2018 =187 million tons

World fossil-fuel carbon emissions
in 2018 ~ 10000 million tons C

Can Microalgae fix all CO2 from flue gases?

(Global Carbon Budget 
2018)

(FAO 2018)

Theoretical Nitrogen Demand for 
Photosynthetic CO2 Fixation

1380 million tons

Moderador
Notas de la presentación
The first challenge I would like to address today is the possibility to use microalgae to fix all CO2 from fossil fuel combustion. In 2018, the carbon emissions from fossil fuels  accounted for almost 10 thousand million tons. The theoretical nitrogen demand for the photosynthetic fixation of CO2 would be almost 1400 millon tons of nitrogen. But the world fertilizer production capacity in 2018 accounted for only 310 million tons.  Therefore, CO2 capture using microalgae can be applied in scenarios where  nutrients are available at a competitive price.



Photosynthetic CO2 fixation as a tool for 
Biogas upgrading & Nutrient Recovery

Microalgae
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Organic
Waste Anaerobic digester

Biogas
 CH4
 CO2
 H2S

Moderador
Notas de la presentación
The first technology i would like to present you today is photosynthetic CO2 fixation as a tool for biogas upgrading and nutrient recovery. The anaerobic digestion of organic waste generates a biogas composed of CH4, CO2 and H2S, and a nutrient rich digestate.  The CO2 from biogas is absorbed and photosynthetically fixed in the form of algae biomass using solar energy. The oxygen generated during photosynthesis is rapidly consumed by sulfur oxidizing bacteria to oxidize the H2S absorbed to sulphate. The microalgae biomass produced can be used as a biofertilizer, while the biogas purified can be injected into natural gas grids or used as a vehicle fuel.



Photosynthetic CO2 fixation as a tool for 
Biogas upgrading & Nutrient Recovery

Key operational parameter: Recycling Liquid/Biogas ratio

Moderador
Notas de la presentación
When using digestate as a nutrient source, a settler needs to be implemented between the photobioreactor and the biogas absorption column, in order to control the algal concentration and productivity in the system. Biogas is pumped into an absorption column using the supernatant from the settler as scrubbing solution. H2S is in-situ oxidized in the absorption column with the oxygen dissolved in the liquid phase, which prevents O2 stripping to the biomethane, while CO2 is absorbed and photosynthetically fixed in the photobioreactor. 
The recycling liquid to biogas ratio in the absorption column is a key operational parameter determining biomethane quality. 




Photosynthetic CO2 fixation as a tool for 
Biogas upgrading & Nutrient Recovery

Moderador
Notas de la presentación
The removal of CO2 was almost complete regardless of the L/G ratio.  Unexpectedly, the CH4 concentration in the purified biogas decreased from 96 % at a L/G of 1 to 70 % at L/G above 15.  This decrease was the result of the gradual stripping of O2 and N2 from the recycling cultivation broth at increasing L/G ratios



Photosynthetic CO2 fixation as a tool for 
Biogas upgrading & Nutrient Recovery

Moderador
Notas de la presentación
The N2 and O2 content of the biomethane decreased below 1% when the L/G ratio decreased to 0.5, concomitantly with an increase in CH4 content from 96 to 98 %. 



Photosynthetic CO2 fixation as a tool for 
Biogas upgrading & Nutrient Recovery

CH4

CO2

N2

O2

Moderador
Notas de la presentación
This technology was validated in a pilot plant in Valladolid under the framework of the European Project INCOVER  under continental climate conditions using real digestate. The system was able to provide a biomethane with a CH4 content of 87 % during winter and 95 % during spring, summer,and autumn, with CO2 concentrations of 1 %. H2S was completely removed




Photosynthetic CO2 fixation as a tool for 
Biogas upgrading & Nutrient Recovery

Moderador
Notas de la presentación
This technology has been successfully scaled-up by our group in the context of WWTP under the framework of the EU Project INCOVER. 




Photosynthetic CO2 fixation as a tool for 
Biogas upgrading & Nutrient Recovery

Moderador
Notas de la presentación
The HRAP is interconnected to a biomass settler and the supernatant from the settler is pumped into the absorption column. The settled biomass is withdrawn from the bottom of the settler at a fixed rate, which allows controlling the biomass productivity, and the rest is returned to the HRAP. In this way , the concentration of microalgae in the HRAP is mantained at low levels. 



Removal Recovery as Algal Biomass

Biomass productivity (g m-2 d-1)Biomass productivity (g m-2 d-1)
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Photosynthetic CO2 fixation as a tool for 
Biogas upgrading & Nutrient Recovery

Moderador
Notas de la presentación
These graphs show the removal of  N and P at different biomass productivities (obtained by increasing the wastage rate from the settler). The removal of N remained at 90-95 %  and the removal of P ranged between 62 and 78 % at the 3 biomass productivities, however the fraction of nitrogen and phosphorous recovered as biomass increased at increasing biomass productivities.



Photosynthetic CO2 fixation as a tool for 
Biogas upgrading & Nutrient Recovery

Upgrading Capacity: 300 Nm3/h of biogas

Moderador
Notas de la presentación
A sustainability analysis using the metrics of the British Institute of Chemical Engineers was carried out for the photosynthetic biogas upgrading, including the production of algal fertilizers, and a conventional technology composed of an activated carbon filter for H2S removal coupled with a water scrubber for CO2 removal for an upgrading capacity of 300 Nm3/h.




Photosynthetic CO2 fixation as a tool for 
Biogas upgrading & Nutrient Recovery

Moderador
Notas de la presentación
The energy requirements decreased from 0.3 Kwh per Nm3 of biogas upgraded for the activated carbon filter coupled with water scrubber to 0.08 kwh per Nm3 for the photosynthetic upgrading. Similarly, the operating costs decreased from 0.2 euros per Nm3 of biogas treated  for the activated carbon filter coupled with water scrubber to 0.03 euros per Nm3 for the photosynthetic upgrading, including the production of algal fertilizers




The need for Biological N2O Abatement 
technologies

Heterotrophic denitrification with organic matter as e-donor

3𝑁𝑁2𝑂𝑂 + 𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 → 3𝑁𝑁2 + 2𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂2 (ΔG°´ = - 1013.3 kJ)

N2O assimilation into biomass

𝑁𝑁2𝑂𝑂 → 𝐶𝐶5𝐻𝐻7𝑁𝑁𝑂𝑂2

N2O nitrification to  nitrate and nitrite

𝑁𝑁2𝑂𝑂 + 2𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 → 2𝑁𝑁𝑂𝑂3− + 2𝐻𝐻+ (ΔG°´ = - 87.4 kJ)

𝑁𝑁2𝑂𝑂 + 𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 → 2𝑁𝑁𝑂𝑂2− + 2𝐻𝐻+ (ΔG°´ = - 15 kJ)

Moderador
Notas de la presentación
N2O can be theoretically biodegraded via 3 mechanisms:
Heterotrophic denitrification with organic matter as electron donor, where N2O is reduced to dinitrogen gas
Nitrification to nitrate or nitrite 
And N2O assimilation to biomass proteins. 
So far, hetetrophic denitrification has been the only mechanism empirically validated. The nitrification of N2O to NO3 or NO2 is thermodinamically feasible, but so far we did not manage to enrich a N2O nitrifying community.



The need for Biological N2O Abatement 
technologies

WWTP N2O emission:

 N2O = 100 ppmv
 O2 = 210000 ppmv

Wastewater: Synthetic Domestic WW
WW Residence Time: 5 hours
Microorganisms: Activated sludge

Moderador
Notas de la presentación
This heterotrophic N2O denitrification was implemented in a two stage bioscrubber, where N2O is absorbed in water in a packed bed absorption column and further reduced to Nitrogen gas using wastewater in a separate anoxic tank.  We evaluated the treatment of a N2O emission containing 100 ppmv of N2O, mimicking emissions from WWTP, using domestic wastewater as a electron donor. The systems was inoculated with activated sludge. The removal efficiencies of N2O increased from 35 % at 3 min of EBRT to 90 % at 40 min of EBRT



The need for Biological N2O Abatement 
technologies

Industrial N2O emission:

 N2O = 4000 ppmv
 O2 =   11000 ppmv

Reactor: Bubble Column
Gas Residence Time: 17 min
Bacterial strain: Paracoccus denitrificans
e-donor: metanol 

N-sufficient
Conditions

N-limiting
Conditions

PHBVTN

Moderador
Notas de la presentación
Industrial N2O emissions from nitric or adipic acid production plants typically contain N2O at high concentrations and low levels of O2. These emissions can be converted into biopolymers. An emission containing 4000 ppmv of N2O was treated in a bubble column reactor at a gas residence time of 17 min using Paracoccus denitrificans and metanol as electron donor. The removal efficiencies under nitrogen sufficient conditions reached 85%, when nitrogen supply was  limiting, the removal efficiencies also reached 85%, and the biopolymer content reached 45%. 



Biological CH4 Abatement coupled to
Biopolymer Production

Landfill CH4 emission:

 CH4 = 33%
 O2 =   66%

Reactor: Gas-Tight 2-L Bottles
Bacterial strain: Methylocystis Hirsuta
Nutrient Limited: N, K, Mn and N +Fe

Moderador
Notas de la presentación
CH4 abatement can be also combined with biopolymer production under nitrogen limiting conditions using type II methanotrophs. We evaluated the production of the biopolymer PHB in a emission containing CH4 at 33%, in 2L gas tight bottles, using Methylocystis hirsuta under N, K, Mn limitations and N limitation in escess of Fe.  CH4 biodegradation under nitrogen limiting conditions was initially slow and did not ocurr in excess of iron.  Nitrogen limitation supported the highest contents of PHB up to 30 %. 



Biological CH4 Abatement coupled to
Biopolymer Production

Landfill CH4 emission:

 CH4 = 4%
 O2 =   20%

Reactor: Bubble Column
Bacterial strain: Methylocystis Hirsuta

Moderador
Notas de la presentación
This process was implemented in a continuous bubble column reactor inoculated with Methylocystis hirsuta treating an emision containing a methane concentration of 4 %.  The system achieved a steady state polyhydroxybutyrate content of 35 % at a biomass concentrations of 4.5 g /L. 



Biological CH4 Abatement coupled to
Biopolymer Production

Culture condition

PHA
PHA content

(wt %)

HB 
fraction
(mol %)

HV
fraction
(mol %)

Biogas 43.1 ± 1.8 100 0
Biogas + Acetic acid 52.3 ± 0.7 100 0
Biogas + Propionic 

acid 47.9 ± 0.7 98 2

Biogas + Butyric acid 52.2 ± 2.1 100 0
Biogas + Valeric acid 53.8 ± 0.8 75 25

Moderador
Notas de la presentación
Biopolymer can be produced also out of biogas from the anaerobic digestion of organic matter. Part of the organic matter can be used in an hydrolysis tank to produce VFAs, and these VFAs could be eventually used to modify the composition of the biopolymers. When biogas alone was used, a PHA content of 43 % with a hydroxybutyrate fraction of 100% was recorded. When acetic, propionic or butyric acid were supplemented, the PHA increased but the HB fraction was approx. 100%. However, when valeric acid was supplemented the biopolymer was composed of PHB 75% and PHV 25%. 



Biological CH4 Abatement coupled to
Biopolymer Production

100 % biogas to CHP

1000 Nm3 biogas h-1

55 % biogas to CHP+ 45 % biogas to PHA

100 % biogas to PHA

Moderador
Notas de la presentación
A sustainability analysis using the metrics of the british Institute of Chemical Engineers was conducted to compare the valorization of 1000 Nm3 of biogas per hour for CHP generation, for PHA production and a combined scenario where a fraction of biogas is used to cover the energy demand of PHA production and extraction. 




Biological CH4 Abatement coupled to
Biopolymer Production

PHA production ~ 1,900 kg PHA d-1

PHA selling price ~ 7,1 € kg-1
PHA production ~ 800 kg PHA d-1

PHA selling price ~ 4,4 € kg-1

+0,06 € Nm-3

+0,09 € Nm-3

+0,09 € Nm-3

Moderador
Notas de la presentación
The investment costs for CHP generation were lower than for PHA production, but the benefit derived from biogas valorization increased from 0.06 euros per m3 for CHP to 0.09 Euros per m3 for PHA production. The use of a fraction of biogas to cover the energy demand of the process allowed to decrease the selling prices of PHA from 7.1 to 4.4 euros per kilograme, which is below the average market Price of PHA. 




Biological CH4 Abatement coupled to
Ectoine Production

Microbial protective compound → High salinity
Raw material in Cosmetic Industry
Market Value: 1300 € kg-1

Moderador
Notas de la presentación
Methane can be also bioconverted in High mass transfer bioreactors into ectoine, after several extraction/purification steps. Ectoine is a microbial protective compound synthesized in high salinity media. Ectoine is a raw material in the cosmetic industry, with a market value of 1300 Euros / kg



Biological CH4 Abatement coupled to
Ectoine Production

Moderador
Notas de la presentación
We evaluated the accumulation of ectoine in Methylomicrobium alcaliphilum at different CH4 concentrations (2,4 and 20 %), Cu concentrations (0.05, 25 and 50 micromolar), salt concentrations (0, 3, 6 and 9 %) and temperatures (25, 30 and 35 ºC). The highest accumulation of ectoine occurred at a CH4 concentration of 20% and a sodium chloride concentration of 6 %, with no significant influence of Cu concentration or temperature.



Biological CH4 Abatement coupled to
Ectoine Production

Landfill CH4 emission:

 CH4 = 4%
 O2 =   20%

Reactor: Stirred Tank Reactor
Bacterial strain: Methylomicrobium Alcaliphilum

TLR 5 TLR 7

Moderador
Notas de la presentación
CH4 bioconversion into ectoine was also evaluated under continuous bioreactor operation, in a stirred tank reactor inoculated with Methylomicrobium alcaliphilum treating CH4 at 4%. The results showed higher ectoine content at a NaCL concentration of 6 % at 300 rpm.  We are upscaling this process up to a 2 m3 biogas fermenter in the  European project Deep Purple



High Mass Transfer Bioreactors
Two Phase Partitioning Bioreactors

TPPBs are based on the addition of an immiscible, non-
volatile, biocompatible and non-biodegradable organic
solvent with a high affinity for the target gas pollutant…..

Moderador
Notas de la presentación
The last part of this presentation is devoted to High Mass Transfer Bioreactors for CH4 biodegradation. I will talk about two phase partitioning bioreactors and internal gas-recycling systems.  TPPBs are based on the addition of an inmiscible, non-volatile, biocompatible and non-biodegradable organic solvent with a high affinity for the target gas pollutant. CH4 mass transfer can be described as a function  of the volumentric mass transfer coefficient and the concentration gradient, which itself is a function of the Henry Law. The high Henry´s law contant of CH4 results in a very low concentration gradient. When a NAP is used, a new and efficient pathway for CH4 mass transfer is created as a result of the higher concentration gradient, the NAP increases process stability as a result of the buffer capacity of the NAP, and the presence of the organic phase increases the gas-water interfacial area. 



High Mass Transfer Bioreactors
Two Phase Partitioning Bioreactors

Landfill CH4 emission:

 CH4 = 4%
 O2 =   20 %

Reactor: Stirred Tank Reactor
Bacterial strain: Mixed consortium
NAP: 10 % of silicone oil

Conventional Aqueous
phase STR

Two-phase
partitioning SRT

Moderador
Notas de la presentación
A landfill emission containing CH4 at 4% was treated in a stirred tank reactor inoculated with a mixed bacterial consortium. The addition of silicone oil at 10% increased the CH4 elimination capacity from 30 g m-3 h-1 to 50  g m-3 h-1. 





High Kla increases at a negligible
pressure drop

EC increase by a factor of 2.5

High Mass Transfer Bioreactors
Internal Gas Recycling Bioreactors

Moderador
Notas de la presentación
Finally, internal gas recycling bioreactors can be operated at high EBRT with volumetric mass transfer coefficients corresponding to low EBRT (Where turbulence is high). The Increase in the gas recycling rate in a biotrickling filter can increase the volumetric mass transfer coefficient without a significant increase in the presssure drop. An increase in the EC of CH4 by a factor of 2.5 using internal gas recycling in a bitrickling filter.



High Mass Transfer Bioreactors
Internal Gas Recycling Bubble Column

Landfill CH4 emission:

 CH4 = 4%
 O2 =   20%

Reactor: Bubble Column
Bacterial strain: Methylocystis Hirsuta

Removal
efficiency

Removal
efficiency

Moderador
Notas de la presentación
A landfill emission containing CH4 at 4 % was treated in a bubble column reactor inoculated with methylocystis hirsita, under diferente gas recycling rates. The removal efficiency increased up to 75% when increasing the gas recycling rate to 15 times the inlet flow rate.



Take                  Message

 Microalgae biotechnology represents a promising platform for the
bioconversion of biogas to biomethane coupled to nutrient recovery from
digestates

 Two-stage bioscrubbers based on heterotrophic N2O reduction were
successfully engineered for the abatement of N2O from WWTP emissions using
WW as e-donor

 N2O abatement from industrial emissions can be coupled to biopolymer
production

 Diluted CH4 emissions and biogas can be successfully valorized into
biopolymers and ectoine in high-mass transfer bioreactors

 Nitrogen limitation supported the highest biopolymer accumulation, while
Valeric Acid supplementation allowed tailoring the composition of the PHBV
copolymer.

 Two-phase partitioning and Internal Gas-Recycling bioreactors can significantly
enhance the gas-liquid mass-transfer of CH4

Moderador
Notas de la presentación
As a take home message.
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Moderador
Notas de la presentación
Finally, I would like to acknowledge first to my co-workers, Alma, Raquel, Sara, Juan Carlos, Elisa and Osvaldo Frutos, which conducted most of the experimental work I presented here, and secondly to the European Comission, Spanish Ministry of Economy and Competitiveness and regional government of Castilla y Leon for funding these projects. 



Thank you for your Attention

Follow us in Twitter: @VOC_Odours

Visit us in: Facebook: facebook.com/VocOdoursGroup

Contact: mutora@iq.uva.es

http://gastreatment-microalgaeresearchgroup.blogspot.com.es/

http://www.ips.uva.es/

Moderador
Notas de la presentación
Thanks you very much for your attention.

mailto:mutora@iq.uva.es
http://gastreatment-microalgaeresearchgroup.blogspot.com.es/
http://envtech.uva.es/
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