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Abstract

Herein we report the production of high-pressure (19.3 bar), carbon-negative hydrogen (H,)
from glycerol with a purity of 98.2 mol% H,, 1.8 mol% light hydrocarbons (mainly methane),
and 400 ppm of CO. Aqueous phase reforming (APR) of 10 wt% glycerol solution was studied
with a series of NiPt alumina bimetallic catalysts supported on alumina. The NigPt;—450
catalyst had the highest hydrogen selectivity (95.6%) and the lowest alkanes selectivity
(3.7%) of the tested catalysts. The hydrogen selectivity decreased in the order of NigPt;—450
> NigPt;—260 > Ni;Pt;—260 > Pt—260. The CO, was sequestered with CaO adsorbent which
formed CaCO;. We measured the adsorption capacity of the CaO adsorbent at different
temperatures. Life cycle analysis showed that the APR of glycerol coupled with CO, capture
has net negative CO, equivalent greenhouse gas emissions. The CO, emissions are —9.9 kg
CO,eq./kg H, and =50.1 kg CO, eq./kg H, when grid electricity and renewable electricity are
used, respectively, and the CO, is allocated respectively to the mass of products produced.
The cost of this H, (denoted as “green-emerald”) was estimated to be 2.4 USD/kg H, when
grid electricity is used and 2.7 USD/kg H, when using renewable electricity. The cost of
glycerol has the highest contribution of 1.71 USD/kg H,. Participation in the carbon credit
markets can further decrease the price of the produced Hs,.

1. Introduction

Hydrogen (H,) is an important chemical in refining processes, ammonia production,
energy storage, and as an alternative and cleaner fuel.! Hydrogen is mainly produced from
steam reforming of natural gas (grey H,), and coal gasification (black H,). These processes
emit 8.5 to 12.9 kg CO,/kg H, and 18 to 26 kg CO,/kg H, respectively.>” To reduce the
emissions associated with H, production, an array of new technologies are under
development, all of which produce H, with different emission level and energy source.
Table 1 shows the H, types and colors used to identify H, types according to the Global
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Energy Infrastructure (GEI)%. Pink, turquoise, and green H, have the lowest emissions
ranging from 0 to 5.1 kg CO,/kg H,. Blue H, is considered a low-carbon emissions hydrogen
with as low as 0.7 kg CO,/kg H,, but could emit even 13 kg CO,/kg H, due to fugitive methane

emissions.>

Table 1. Hydrogen types and color classification. Adapted from GEI.®

Hydrogen . CO, emissions
Source Hydrogen production process Reference
color/Type bl P (kg CO,/kg H,)
Electrolysis with le electricit
Green e.c rolysis with renewable electricity 0-51 6
(wind, solar, hydro)
N Water . .
Purple/Pink/Red Electrolysis using nuclear energy 0-0.6 24,6
Yellow Electrolysis using mixed-origin grid energy 14.5-28.6 45
Natural gas Natural gas steam reforming or coal
Blue 0.7-13 26
“ Coal gasification with CCUS
Turquoise Pyrolysis of natural gas 1.9-4.38 2
Natural gas -
Grey Natural gas steam reforming 85-129 -6
Brown Lignite Lignite gasification 20-25.3 67
Black Coal Coal gasification 18.0-26 27
Ol sands or Oxygen injection into heavy oil reservoirs or
Aqua conventional vé ) y 0 6,9
e oil sands deep underground
oil fields
Refers to hydrogen produced by fermenting
Gold microbes in depleted oil wells or naturally Not available 10-12
Underground occurring H,
White deposits  Naturally occurring H, Not available 13
Induced by injecti teri ti
Orange n uce. y injecting water in reactive Not available 13
formations
Bi d chips, and t
|0Tn-ass.(woo chips, and corn stover) 0.41—2.68 34
gasification
Not classified Biomass  Wood chips gasification with CCUS -21-(-16) 4
Ethanol reforming 9.19-14 3
APR of glycerol 3.88-4.11 14

The importance of sustainably produced H; has been highlighted recently by the U.S.
Department of Energy through the establishment of the 2020 H, Program Plan?> to develop
pathways to produce carbon-neutral H, (0 kg CO,/kg H,) and carbon-negative H, (< O kg
CO,/kg H,) at a low cost. The price target is 2.00 USD/kg of H, production for transportation
applications and 1.00 USD/kg for industrial and stationary power generation applications.
The low-carbon H, sources include H, production from renewable sources like biomass or
waste conversion, from water splitting using renewable electricity (green H,), and from
natural gas steam reforming with carbon capture utilization and storage (CCUS) (blue H,).
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Biomass captures CO, from the atmosphere during the process of photosynthesis.
Using biomass to produce H, offers the advantage of producing H, from a low-carbon
source. Combining H, production from biomass with carbon capture and storage during H,
production has the potential to produce carbon-negative H,.1® High-pressure H, can be
produced from biomass-derived sugar alcohols (ethylene glycol, glycerol, or sorbitol)
through aqueous phase reforming (APR).17-22 Biomass-derived H, can be classified as
carbon-negative H, when the CO, is captured or sequestrated, as shown in Figure 1. High-
pressure CO, and H, are produced from APR. This CO, can be chemically trapped in the
carbonation process with the possibility of storing the carbon in geological Ca formations in
the form of CaCOs. Thus, there is no direct CO, emitted to the atmosphere during the
process. Carbon capture usage and storage (CCUS) has been applied to the field of biomass
conversion,?=27 primarily in the biomass gasification process with in-situ CO, adsorption.
For example, Xu et al.?® reported the use of Fe/CaO catalyst for wood sawdust gasification
to H,-rich syngas production, in which the presence of iron improves the CO, adsorption
capacity of CaO. Doranehgard et al.?’ reported the use of CaO to improve tar cracking and
reduce CO, emissions in rice husk gasification. Long et al.?* found that pressurized sawdust
gasification instead of atmospheric gasification in CaO, produces syngas with a higher H,
and lower CO, content by promoting the gasification reactions and the CaO carbonation.
However, gasification processes are typically carried out at low pressure, and they therefore
require downstream compression of the H,.

co,
Sequestration

Biomass Growth

Carbon-negative

H, CH,

Ni,Pt/Al,0,

Aqueous Phase
Reforming

Figure 1. Schematic representation of a process to produce carbon-negative H, from
biomass-derived compounds through aqueous phase reforming (APR) technology and CO,
sequestration.

Whole biomass?®2?, cellulose3®-33, and xylose34-3¢ have all been used as feedstocks
for APR. Valenzuela et al.?® reported the APR of Southern pine sawdust, using sulfuric acid
(2 M) and Pt/Al,O5 catalyst at 225°C in a batch reactor. Wen et al.3? reported that the use
of Pt/C can convert the cellulose efficiently into H, in a one-pot APR at 260°C, with 40% H,
selectivity. Later they used3! a Ce-modified Raney Ni catalysts at the same (260°C)
temperature and reported an increased H, selectivity and decreased methane selectivity

3
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when large quantities of Ce were added at a Ce:Ni ratio of 0.054. All these studies were
carried out in batch reactors with a biomass slurry feed. Industrially it is not practical to
perform APR in batch reactors.

Hydrogen selectivity in the APR depends on the reaction conditions and the catalysts
used. Several studies'®2045-49,37-44 reported reaction temperatures from 210°C to 250°C,
with system pressures between 2 to 7 bar above the bubble point of water to maintain the
non-volatile feedstock in the liquid phase. In some cases,37°%>4 the system pressure was
varied from 10 to 21 bar above the bubble point of water. Davda et al.® and Shabaker et
al.” reported that an increase in the total system pressure inhibits H, production. Huber et
al.18 studied the use of bimetallic PtNi over alumina, with a Pt:Ni molar ratio of 1:1, 1:5, and
1:8 for the APR of ethylene glycol at 210°C. Their findings indicate that a Pt:Ni ratio of 1:5
has a higher H; selectivity (91.2%), and no alkane production compared to the pure Pt-based
catalyst. Doukkali et al.3” reported the use of a bimetallic PtNi catalyst over alumina,
prepared by a sol-gel method containing 8 wt% Ni. This PtNi catalyst was more active for
the APR process of glycerol than other bimetallic catalysts (PtFe, PtCo) or monometallic Ni
or Pt over alumina. However, the H, selectivity (40%) was lower than with the monometallic
Pt catalyst. Other authors3738555¢ reported similar conclusions for the NiPt bimetallic
catalysts for different Ni loadings, ranging from 0.75 wt% to 12 wt%.

Several authors®’=®> have reported the use of CaO as a sorbent for carbon
mineralization. Hlaing et al.’® reported that CaO derived from aragonite reached an
adsorption capacity of 0.125 mol CO,/mol CaO at 300°C and 0.869 mol CO,/mol CaO at
700°C. The carbonation temperature was the most important factor affecting the CaO
adsorption capacity. The CO, capture can be improved by the presence of steam®! in the
flue gases during the carbonation at 650°C or a pre-hydration step® of the CaO for
carbonation at room temperature. Using regenerable solvents in a water solution, such as
monoethanolamine or sodium glycinate, can improve carbon mineralization by a single step
of CO, capture and carbon mineralization at low temperatures.5*67

G. Gadikota and A. A. Park®8 reported that calcium and magnesium-bearing minerals
such as wollastonite, olivine, or serpentine could be used for CO, mineralization, since they
contain non-carbonated Ca or Mg. There are two approaches for CO, sequestration using
minerals: in-situ or ex-situ carbon mineralization. The in-situ carbon mineralization involves
the injection of high-pressure CO, in geological formations containing Ca and/or Mg
minerals. For this approach, the CO, needs to be separated from the hydrogen stream
produced in the APR of biobased feedstocks and injected underground. Pressure swing
adsorption (PSA)®° can be used to separate the CO, and produce a high-purity H, (>98%)
stream. PSA has the advantage of low temperature (=25°C) operation, pressures between
20 and 40 bar, hydrogen recovery higher than 90%, and the adsorbent can last for several
years. In ex-situ mineralization, the minerals need to be mined, grounded, and reacted in

4
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adsorbers/reactors. The carbonated minerals can be deposited in geological formations or
can be used in applications such as filler materials, coatings, construction materials, liming
agents to neutralize soil acidity, or remediation of contaminated lands.®8

In this study we decided to first use glycerol as a feedstock because of it ease to
analyze in the process and to demonstrate integration with carbon capture. APR with
carbon capture can have more of an impact when integrated with more abundant
feedstocks such as biomass-derived sugar alcohols, xylose, cellulose, or whole biomass.
According to the U.S. Department of Energy'®, over a billion tons of dry feedstock, including
biomass and waste-stream resources, can be used for sustainable hydrogen production.
Thus, future work should focus on how to integrate green-emerald hydrogen production
with more abundant biomass feedstocks. The study focuses only on glycerol produced in a
restricted area of the U.S. (Wisconsin area) to facilitate the techno-economic, and life cycle
analysis. Improved catalysts, with increased stability, selectivity, and activity, are needed if
APR is to be implemented commercially.

In this work, we report for the first time, the production of carbon-negative H, from
glycerol using APR coupled with CO, sequestration by CaO carbonation, producing a high-
pressure carbon-negative H, stream with 98.2% of purity. We will denote this type of H, as
“green-emerald” to differentiate it from the other common types of H, reported in Table 1.
We perform an LCA and economic analysis using our experimental data to estimate the
economics and environmental impacts of producing H, by agueous phase reforming
coupled with CaO adsorption to separate H, from CO,.

2. Methods

2.1. Catalyst preparation and characterization

Monometallic Pt/y-Al,O; and bimetallic NiPt;/y-Al,03 catalysts were prepared by
incipient wetness impregnation, using Catapal B y-Al,O3 of Sasol as the support. Catapal B
was dried in a vacuum oven (VWR Symphony) at 60°C for two hours before the
impregnation. Pt/y-Al,0; with 3 wt% Pt (Pt—260) was prepared using 1 mL of tetraamine
platinum (Il) nitrate (Sigma-Aldrich) solution per gram of dried support. The catalyst was
dried for 2-3 hours and calcined at 260°C for two hours in a tube furnace using a heating
rate of 1°C/min and 100 mL/min of air. The calcined catalyst was milled in a mortar until
fine powder and used without sieving. To prepare the bimetallic catalysts Ni;Pt;/y-Al,03
(Ni;Pt;—260) and NigPti/y-Al,0s, a similar procedure was followed, using 1 mL of nickel
nitrate hexahydrate solution to get a Ni to Pt atomic ratio of 1:1 and 8:1. The impregnated
samples were dried and calcined similarly as previously described.

The prepared catalyst was reduced by flowing 100 mL/min of hydrogen for two
hours at 260°C, with a heating rate of 1°C/min. After the reduction, the samples were
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passivated for 30 min using a 1 vol% O,/Argon before the characterization with CO
chemisorption. For the NigPt;/y-Al,03 catalyst, two reduction temperatures were applied,
260°C (ngPtl—ZGO) and 450°C (ngPt1—450)

2.2. Aqueous phase reforming (APR)

At the beginning of a run, 1.0 g of calcined catalyst was loaded into a 1/4” SS reactor.
The catalyst was fixed at the center of the furnace using silica chips (35 mesh) and 0.1 g of
fiberglass plugs to separate the silica beds and the catalyst bed. The reactor was kept at the
operation temperature by monitoring the temperature with a K-type thermocouple
(Omega) and using an aluminum insert in the furnace. The catalyst was reduced in situ at
260°C for two hours with a heating rate of 1°C/min, with 100 mL/min of 10 vol% H,/ Helium,
except for NigPt;/y-Al,03 which was reduced at 450°C. After the two-hour reduction, the
reactor was flushed with nitrogen; meanwhile the temperature decreased to the reaction
temperature (209°C). Then, the APR reaction system (Figure 2) was pressurized at the
operation pressure (typically 0.5 bar above the bubble point of water at the operation
temperature) using nitrogen. The pressure was controlled by a backpressure regulator
(TESCOM 26-1764-24). Once the pressure was stable, the feed solution consisting of 10 wt%
glycerol/water was fed using an HPLC pump at a flow rate of 0.06 mL/min. The product
mixture was separated in the liquid-gas separator vessel, in which nitrogen was used as
sweep gas at 45 to 50 mL/min and bubbled through the liquid phase inside the separator.
The gaseous product mixture was then collected and analyzed using a GC (Shimadzu
Refinery gas analyzer) equipped with an FID and two TCD detectors. The liquid product
collected was analyzed by TOC (Shimadzu TOC-V CPH) to determine the carbon balance. For
evaluating the catalysts at different temperatures and pressures, each data point reported
in Sections 3.1 and 3.2 corresponds to the mean value of three samples taken each two
hours between 18 to 26 h of reaction.

Page 6 of 35
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Figure 2. Scheme of the reactor system used for aqueous phase reforming of glycerol with
CO; sequestration.

Hydrogen selectivity was calculated based on the number of molecules of H,
produced. The equations used to evaluate the catalyst performance are given in equations
1to 4, in which RR is the H,/CO, reforming ratio (7/3 for glycerol).

Molecules of H, produced (' 1

H, selectivity = ) x 100 (Eq 1)

C atoms in gas phase \RR

C atoms in gaseous alkanes

Alkanes selectivity = X 100 (Eq 2)

Total C atoms in gas phase product

C atoms in gas product
Total C atoms in the feed

% of glycerol conversion to gas phase = x 100 (Eq 3)

mol of Hyproduced

TOF =

mol of active sitesxtime (Eq 4)

2.3. CO, adsorption

CO, adsorption experiments were carried out for the APR of 10 wt% glycerol/water
at 209°C and 19.3 bar over NigPt;—450. For CO, sequestration, the gas product mixture was
passed through a fixed bed reactor packed with commercial CaO from Sigma-Aldrich (4 g,
15 g, and 50 g). The CaO was packed using a 1” SS tube in which the CaO was packed in beds

of 5 g separated with quartz wool, as shown in Figure 3; the pressure drop along the packed
bed was negligible during the adsorption process.
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Inlet Outlet

Quartz wool

Figure 3. Schematic representation of the CaO-packed bed reactor for CO, sequestration.

The CO, adsorption experiment was carried out first with 50 g of CaO at isothermal
conditions at 20, 200, 300, 400, 500, 600, and 700°C, at the APR reaction system pressure.
The adsorption started at room temperature until saturation; then the CO, adsorber was
heated to a higher isothermal temperature. On the other hand, for 15 g, and 4 g of CaO, the
adsorption was carried out at isothermal conditions at 600°C. For these experiments, the
gas product was sampled at the inlet and the outlet of the CO, adsorber for GC analysis.

2.4. CO, adsorption modeling

Equations 1 and 2 were applied to calculate the adsorption constant for CO,
adsorption over Ca0. The CaO bed was considered as a plug-flow reactor. The feed to the
bed is a mixture of CO;, and H,. The molar flow rate of H, is constant, whereas the partial
pressure of CO, and the molar flow rate of CO, decrease through the bed as CaO captures
CO,. We assumed that the capture of CO, is first order with respect to the partial pressure
of CO, as described in Equation 5, where k is the rate constant for CO, capture (1/atm/min).
The equation to calculate k is described in Equation 6, where Fy; is the molar flow rate of
H, (mol Hy/min). Fy, is the molar flow rate of N, (mol N,/min). Pco, is the partial pressure of
CO; (atm). P, is the total pressure (atm). S;,; is the total number of CaO active sites in the
reactor (mol sites). Note that S;.; is a function of time because the total number of active
CaO sites decreases as sites become neutralized by the capture of CO,. TOF is the turnover
frequency of reacting CO, with Ca0O, defined as the rate of CO, capture per CaO site per unit
time (mol CO,/mol site/min).

TOF = kP, (Eq’5)
in _ pout __pout in (FHZ +FN2)

k(t) = { Ptot(PCOZ AO)) +In (Peot P_coz(t))Pcoz]}— (Eq 6)
(Peoc=Pi%o2) (Peor— P28 () (Proc=PiZ5) P2 (1) ProtSeor(®

2.5. Life Cycle Assessment (LCA)

LCA is a tool to quantify the environmental impacts of technologies. LCA was
conducted in this study to evaluate the system-wide greenhouse gas (GHG) emissions for
hydrogen production. In this study we compared the process in which we coupled APR with
CO, sequestration using CaO at 600°C, and the process of APR coupled with Pressure Swing

Page 8 of 35
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Adsorption (PSA) to obtain a high-purity hydrogen stream. For this analysis, six stages
(Figure 4) were considered: i. crop cultivation, ii. seed drying, iii. transportation, iv. oil
processing & refining, v. glycerol production, and vi. H, production. Soybeans were used as
the crop, as it is one of the most cultivated crops in Wisconsin (USA). Two scenarios for the
electricity source are considered, one using the current Wisconsin grid electricity (Scenario
A) and the other one using 100% renewable electricity (Scenario B). The methodology
followed for carbon sequestration, and impact allocation, along with the list of assumptions
and sources are discussed below.

Soybean %
Culfivation

co; Life Cycle ¢
A Analysis Dving
GHG emissions
(kg CO, eq/kg ofH,) Oil
-Prooess

Fld’ |
ol

co;

* - Hydrogen
\@y.s Production

Figure 4. Hydrogen production pathway and types of GHG emissions. The GHG emissions
(red arrows), uptake (green arrow), and capture (brown arrow) of each production stage.

Carbon uptake: The cultivation of soybeans can take up carbon from the atmosphere during
photosynthesis and store it as biomass. In addition, cover crops, dead organic matter, and
soil can also contribute to carbon uptake.”® Although soybean cultivation has the potential
to sequester carbon, a considerable amount of carbon is released into the atmosphere
during the cultivation and harvesting processes, and plant decomposition. Estimating how
much carbon is absorbed and not released back into the atmosphere is challenging.” For
our study, a conservative approach of considering only the carbon content of soybean oil
as the amount of carbon absorbed is followed. By focusing on the carbon content of the
soybean oil, it is possible to estimate conservatively the CO, uptake of soybean cultivation.
This method has been adopted by Schmidt’!, the LCA report conducted by Omni Tech
International’?, and the LCA of bioenergy products in the ecoinvent® 2.01 database
developed by Jungbluth et al.”3. The biogenetic CO, uptake used in our analysis is therefore
considered to be -2.823 kg CO,/kg refined oil.”*

Impact Allocation: This study considers two schemes, mass allocation and carbon allocation,
to allocate environmental emissions of the H, produced from glycerol, which is the
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coproduct of biodiesel production. The first approach is based on the mass of glycerol and
biodiesel. Physical partitioning is done by dividing the inputs and outputs of a process in a
way that reflects the physical relationship of mass, according to the ISO 14044 standard for
life cycle assessment (LCA). This approach is widely used as it is straightforward and results
in small uncertainty ranges.”?2 This mass allocation approach is consistent with the approach
adopted in most other life cycle analyses.”>74

The second approach considered for allocation is based on the mass of carbon, which
represents the actual carbon flow. It is suggested by Leinonen to be a logical choice of
allocation method for forestry products.’”® The carbon content of glycerol and biodiesel is
determined and used to allocate the total carbon emissions of the production process to
each product. Such a carbon allocation method is useful when analyzing the carbon
footprint of bio-based products, such as soybean, where the carbon sequestration and
storage of soybean are taken into account based on the quantity of biomass carbon stored
in the products. Since not all products considered in the process are used directly to
generate energy, the energy allocation was not performed, and carbon allocation is
considered to be more appropriate.

Other Assumptions and Modeling: Other assumptions that were made to estimate the
environmental impact of hydrogen production include:

1. CO, generated during H, production is captured and sold for carbon credits.

2. Direct land use refers to the physical occupation or transformation of land for the
cultivation of soybean. Indirect land use takes into account the possible substitution of
alternative land uses, including agricultural crops or natural ecosystems, as a result of
the growing demand for H, production from glycerol. These indirect uses were not
employed here since the connection between land use and deforestation is not clearly
explained and there is a lack of agreement on how to establish this connection.”?
Therefore, land use calculations are not included.

3. All processes considered (Figure 4) are assumed to be located in Wisconsin, and it is
assumed that the biodiesel and H, facilities are located nearby. Therefore, only the
transportation of soybean to the oil processing plant is considered. The study assumes
that the soybeans are transported to the oil processing plant via diesel-fueled trucks.

4. Seed yield is assumed to be 2889.6 kg/(ha*yr.) and oil yield is assumed to be 547.4
kg/(ha*yr.).”

5. GHG emissions of soybean cultivation were based on data from conventional soybean
production in the USA.”>

6. GHG emissions of biodiesel production were based on data from Dufour and
Iribarren’4.

7. Two GHG emission allocation methods were considered, one based on mass and one
on carbon content, as mentioned above.

10
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8. The CaO comes from geological formations, and emissions associated with its
transportation are considered in the calculation.

9. For the process of APR coupled with Pressure Swing Adsorption (PSA), we considered
that the CO, can be injected underground or sold to third parties.

An overview of the mass relationships between various feedstocks and products involved
in the process is outlined in Table 2.

Table 2. The mass of feedstocks and products of each production stage.

Soybean oil Biodiesel Hydrogen

production’® production’*  production
Seed (kg) 430.3 - -
Refined oil (kg) 81.5 81.5 -
Glycerol (kg) - 6.9 6.9
Biodiesel (kg) - 67.6 -
Hydrogen (kg) - - 1

This study includes both primary and secondary data. Primary data collected from
experiments and process simulations are used to evaluate the GHG emissions of H,
production using APR from glycerol. The OpenLCA software has been utilized. The data on
materials were collected from the database Agribalyse. The ReCiPe 2016 midpoint (H) LCIA
method converts the resource consumptions and emissions of the life cycle inventory data
into global warming potential (GWP). Secondary data on other producing stages were
collected from literature’t747>,

3. Results and discussion

3.1. Effect of total pressure system on APR of glycerol

A Pt/y-Al,0; catalyst was used to study glycerol aqueous phase reforming (APR) as
a function of temperature and pressure. Table 3 and Figure 5 show that the H, selectivity
and production rate decrease as the total system pressure increases. The CO, and C2-C3
alkanes selectivity increases with pressure. The catalyst was run for 480 h on stream with
low deactivation. The H, selectivity (75% at 209°C) did not change during 523 h after
different cycles between temperatures (209°C — 269°C) and pressures (19.3 bar —57.9 bar);
see Figure S1 in Supplementary Information.

The effect of pressure for APR has been previously described by Davda et al.'® and
Shabaker et al.1” with similar observations. Hydrogen inhibits the APR reaction. As shown
in Table 3, the mol percent of H, and methane decreases when the total pressure increases,

11
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while CO,, ethane, and propane mol percent increase. This behavior indicates that H, is
consumed in the hydrogenation of C2 and C3 intermediates.

Table 3. APR of glycerol (10 wt%) at 209°C, and a WHSV of 0.37 h'! over Pt/y-Al,0s. The
carbon balance for each experiment was verified to be 100% * 5.6%.

Gas phase composition Selectivity Glycerol H. production rate

P (bar) (mol%) (%) conversion to : H, TOF

H O, O, CH, M, Alkanes MOTPRSe (MmOl _y( MIOL) (min)
193 643 320 238 0.7 0.1 75.1 12.7 25.5 0.65 99.8 1.8
20.0 63.6 327 27 0.8 0.2 72.8 12.6 22.0 0.54 83.6 15
20.7 643 322 26 0.7 0.2 74.9 12.4 22.4 0.57 87.7 1.6
22.1 622 343 25 0.8 0.2 68.5 122 17.3 0.40 62.0 1.1
234 619 349 21 0.8 0.2 67.4 11.3 11.3 0.26 39.8 0.7

this paper were fixed at 0.4 — 0.6 bar above the bubble point of water.

As shown in Figure 5 H, selectivity and H, production rate are highest when the
system pressure is close to the bubble point of water. The remainder of the APR studies for

% o — : 120

s /97 2 =100 - °

@ 60 - Q.E 5

$ 50 - 5.5 #9

S 40 - £ S 60 - .

= X

o 30 1 & 2% 40 @

= | 6 o a E

s o ~ 3

T 10 - T = 20 1

9@

g 0 T T T T T 0 — T T T T
18 19 20 21 22 23 24 18 19 20 21 22 23 24

Total APR pressure (bar)

(@)

Total APR pressure (bar)
(b)

Figure 5. a) Hydrogen selectivity (O), alkanes selectivity (A), and glycerol conversion (<) to
gas phase; and b) hydrogen production rate (O), in the aqueous phase reforming of 10 wt%
of glycerol at 209°C, and a WHSV of 0.37 h-! for different total pressures in the system over
Pt/y-Al,03. The blue dashed line indicates the bubble point of water (18.7 bar) at 209°C.
Each data point is the mean value of three samples and the standard deviation is indicated
by the error bar.

3.2. Aqueous phase reforming of glycerol with bimetallic NiPt catalysts

Bimetallic NiPt/alumina catalysts were prepared and studied for the APR of glycerol.
Table 4 shows the APR of these catalysts at three different temperatures (209, 224, and
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241°C). As illustrated in Figure 6, the H, selectivity increases in the order NigPt; > Ni;Pt; > Pt
when the catalysts are reduced in situ at 260°C. There is an additional increase in H,
selectivity when the NigPt;—450 catalyst is reduced at 450°C. These effects are more visible
when APR is carried out at low temperature (209°C), achieving a H, selectivity of 95.7%, and
a 3.7% of alkanes selectivity for NigPt;—450. The NigPt;—450 catalyst was selected for the
APR of glycerol coupled with CO, sequestration, detailed in the next section.

The gas phase H, composition increased from 64.3 mol% at 209°C with Pt/Al,O; (Pt—
260), to 69.1 mol% using the NigPt;—450 bimetallic catalyst as shown in Table 4. The H, to
CO, ratio was close to the stoichiometric ratio with only 1.1 mol% of alkanes. The CO
concentrations were lower than 10 ppm under all the reaction conditions reported in Table
4.

Previous studies reported!®37.76 that the use of Ni promotes the water-gas shift
reaction, improves the dehydrogenation of adsorbed glycerol, and decreases the strength
of H, and CO adsorption, preventing the blockage of active sites. Additional studies are
needed to understand the effect of Ni addition and the interaction between Ni-Pt, and the
support. Tanksale et al.”” found that Ni-Pt forms a metallic alloy over the support, resulting
in a synergetic effect and enhanced activity on the APR of glycerol. The improved hydrogen
selectivity of the NigPt;-450 catalyst compared to NigPt;-260 can be explained by the
complete reduction of nickel oxide at 450°C, affecting the crystal form and size.”® Rahman
et al.’® reported that NigPt, NigPt, and Ni;,Pt supported over Ce-doped alumina support,
have similar hydrogen selectivities, with a higher selectivity over NigPt with 83% and 86%
yield on the APR of 1% of glycerol at 240°C. This behavior is comparable to the selectivity
we reported here for NigPt;-260 at the same APR temperature (240°C) but lower than our
highest selectivity (95.7%) obtained for NigPt;-450 in the APR at 209°C. In addition, they
reported 8 to 10 mol% of methane in the gas product. In this work, we reported (Table 4)
that methane mol% is lower than 4.7% for NigPt;-260 and as low as 1 mol% for NigPt,-450.

Each catalyst shown in Table 4 was studied for APR of 10 wt% glycerol for at least
140 h on stream. The catalyst Pt—260 show no deactivation after 523 h on stream (Figure
S1 in Sl). Ni;Pt;—260 and NigPt;—260 show a 10% reduction in glycerol conversion and 5%
reduction in H, selectivity after 189 h and 140 h on stream, respectively (SI Figures S2 and
S3). NigPt;—450 shows slow deactivation when the APR was carried out at 209°C and 19.3
for 401 h on stream. This catalyst had a 15% reduction in glycerol conversion and 4%
reduction of H, selectivity during the first 40 h of stabilization, as shown in Figure S4 in SI.
After the first 40 h, the H, selectivity was stable at 91%, as shown in Figure 7. The gas
composition was almost constant at 68% H,, 30.8% CO,, 1% methane, and no CO (<10 ppm).
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Table 4. APR of 10 wt% glycerol/water over Pt-supported alumina-based catalysts. The

carbon balance for each experiment was verified to be 100% * 5.6%.

Gas phase composition  Selectivity ~ Glycerol .
co X H_ production rate
WHSV TOF
chemisorption T P (mol%) (%) conversion 2
Catalyst to gas
(umol) 1y (°C) (bar) phase mol H mol H in™
2 (h') H, CO, CH, CH CH, H, Alkanes " (” ?) (i) (min-)
(%) 8cat — Min umolp; — min
209 19.3 64.332.0 28 0.7 0.1 751 127 255 99.7 0.6 1.7
Pt-260 57.4 0.37 224 269 63.4323 33 09 0.2 71.8 145 42.0 157.2 1.0 2.7
240 345 624323 40 1.1 0.2 685 174 74.5 267.3 1.7 5.4
209 19.3 66.2 313 23 0.2 0.0 833 8.1 46.9 203.3 1.3 5.2
Ni Pt ~260 39.1 037 224 255 66.530.1 3.1 03 00 840 113 65.7 287.1 1.9 7.3
241 345 65.2298 44 05 0.1 788 16.0 84.1 345.3 2.2 8.8
209 19.3 68.1304 14 01 0.0 913 5.0 524 241.6 1.6 6.2
NisPtl—ZGO 38.7 0.36 224 255 67.529.6 2.7 0.2 0.0 885 95 79.5 355.3 2.3 9.1
241 345 65.829.2 47 03 0.0 814 158 92.0 378.4 2.5 9.8
NisPt1—450 37.2 0.36 209 19.3 69.1 29.8 1.0 0.1 0.0 957 3.7 51.2 251.5 1.6 6.8
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Figure 6. a) Hydrogen and Alkanes selectivity, and b) glycerol conversion to gas phase in the
aqueous phase reforming of 10 wt% of glycerol at 0.36 h" WHSV. [ Pt-260, < Ni;Pt;—260,
A NigPt;—260, O NigPt;—450. Each data point is the mean value of three samples and the
standard deviation is indicated by the error bar.
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selectivity (X) for the NigPt;—450 catalyst, in the APR of 10 wt% of glycerol at 0.36 h"t WHSV
and 209°C.

3.3. CO, sequestration

The APR of 10 wt% of glycerol over the NigPt;—450 catalyst at 209°C and 0.36 h!
WHSV, was coupled with the CO, sequestration over CaO to produce a high-pressure H,
stream with high purity. Sequestration experiments were conducted: a) at low CO, partial
pressure (0.75 bar) in which nitrogen was used as a sweep gas for APR at adsorption
temperatures from room temperature to 700°C with different CaO loadings; and b) at a
higher CO, partial pressure (5.3 bar) in which no nitrogen was used as sweep gas.

3.3.1 Isothermal CO, sequestration with a low CO, partial pressure

The gas stream from the APR unit operated at 209°C was fed into the CaO bed at
600°C. CO, adsorption was carried out using a packed bed reactor with 50 g of CaO. Minimal
CO, was taken up at temperatures below 400°C after 1 h of adsorption. We obtained a
stream of H, and hydrocarbons with high purity (98.2 mol% of H,) as shown in Figure 8.
There is complete capture of CO, for at least 20 h when the CaO bed is at 600°C and 700°C,
as shown in Figure 8a. After this first stage of capture, there is a second stage in which the
sequestration rate is lower due to the formation of a layer of CaCO; over the CaO particles’®.
As shown in Figure 8b, at 500°C the CaO saturates after 25 h on stream. For 600°C and 700°C
the saturation time becomes longer than 100 h. This longer saturation time is related to a
higher CO, sequestration capacity at these temperatures.
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Figure 8. a) H,, b) CO,, c) CH,4, and d) CO concentrations in the outlet stream of the CO,
removal bed at 500°C (@), 600°C (), and 700°C (A). The outlet concentrations are
reported here on a nitrogen free basis. Packed bed with 50 g of CaO. Inlet gas composition
(mol%): 86.8% N,, 9.1% H,, 4% CO,, 0.12% CH,. CO, partial pressure = 0.75 bar. Total molar
gas inlet flow = 2.4 mmol/min.

The APR gas product contains less than 10 ppm of CO. From room temperature to
400°C the CO concentration after the CaO bed was less than 150 ppm. At 500°C the CO
concentration increased to a maximum of 650 ppm at 29 h of adsorption time. As shown in
Figure 8d, the CO concentration increases rapidly during the first few hours of CO,
adsorption and tends to be constant (0.5 mol% at 500°C, 8.4 mol% at 600°C, and 15.5 mol%
at 700°C). CO emissions during the CO, capture over CaO are caused due to the presence of
H,. Hydrogen promotes the regeneration of CaO by the decomposition of CaCO; producing
CO and H,0.80

The CaO adsorption capacity was determined after each isothermal experiment, as
shown in Figure 9. The CaO adsorption capacity was 0.11 mol CO,/mol CaO at 500°C,
increasing to 0.40 mol CO,/mol CaO at 600°C, and finally increasing to 0.65 mol CO,/mol
Ca0 at 700°C. These CaO adsorption capacities are lower than the values previously
reported by Hlaing et al.?® of 0.87 mol CO,/mol CaO at 700°C. However, the required time
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to obtain this adsorption capacity is around 225 h under these low CO, partial pressure (0.75
bar) and total system pressure (19.3 bar). The limitation to achieve a higher CO, adsorption
capacity at this temperature (700°C) CO is produced by the reverse water gas shift reaction.
Nevertheless, the use of CaO as an adsorbent model indicates that calcium-bearing minerals
could be used to capture CO,, as indicated by Gadikota and Park®8, by using an in-situ or ex-
situ carbon mineralization approach.

500 °C; 600 °C i 700°C
1 I

.

N w +a w
1
-

Ca0 adsorption capacity
(mol CO,/mol CaO)
e o o o o o o

=
1

o

0 25 50 75 100 125 150 175 200 225 250
Adsorption time (h)

Figure 9. CaO cumulated adsorption capacity in the capture of CO, at 500°C (@), 600°C (®),
and 700°C (A ), during the APR of 10 wt% of glycerol. Packed bed with 50 g of CaO. Inlet gas
composition (mol%): 86.8% N,, 9.1% H,, 4% CO,, 0.12% CH,. CO, partial pressure = 0.75 bar.
Total molar gas inlet flow = 2.4 mmol/min.

3.3.2 Isothermal CO, sequestration at 600°C and low CO, partial pressure

Additional experiments were carried out to study the CO, capture at 600°C under
0.75 bar of CO, partial pressure, with different amounts of CaO with nitrogen as a sweep
gas. Complementary information regarding the APR experiment and gas stream fed to the
CO, adsorber can be found in Figure S5 of Sl. Figure 10a and b show the effluent H, and CO,
concentrations. The CaO bed was saturated with CO, after 25 h when 15 g of CaO was
packed and in less than an hour for 4 g of CaO. Around 40% of the initial CaO active sites
(S7ot) in the bed were carbonated after 40 h of adsorption, as shown in Figure 10c. The
adsorption capacity of CaO is around 0.35 mol CO,/mol CaO when 15 g of CaO was packed,
and around 0.4 mol CO,/mol CaO for 4 g of CaO as shown in Figure 10d. This behavior agrees
with the values obtained when consecutive experiments were carried out at the same
temperature. Thus, the sequestration capacity is related to the temperature.

The CO concentration at the outlet of the CO, adsorber at 600°C and an inlet CO,
partial pressure of 0.75 bar was 3.5 mol% and 4.5 mol% respectively for 4 g and 15 g of CaO
packed in the adsorber (See Figure S6 in Sl for the whole data collected).
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Figure 10. a) Hydrogen, and b) CO, concentrations in the outlet stream of the CaO bed at
600°C on a nitrogen-free basis, c) changes in the total moles of CaO active sites (Sit) given
as a percent of the initial mol of CaO in the adsorber, and d) the capacity of CaO as mol of

CO,/mol of Ca0. CaO-packed bed with 4 g (A) and 15 g (®) at 0.75 bar of CO, partial

pressure. Inlet gas composition (mol%): 86.8% N;, 9.1% H,, 4% CO,, 0.12% CH,. Total molar
gas inlet flow = 2.2 mmol/min.

3.3.3 Isothermal CO, sequestration at 600°C with high CO, partial pressure

Isothermal CO, capture at a high CO, partial pressure was carried out with no
nitrogen as a sweep gas. Low nitrogen levels with a partial pressure between 0.3 and 1.5
bar were obtained because nitrogen was used to pressurize the system after draining. The
partial pressure of CO, was kept at an average of 5.3 bar. As shown in Figure 11 the
composition of the gas stream from APR of 10 wt% of glycerol at 209°C was constant. The
catalyst NigPt;— 450 had good stability during the experiment, with a H, selectivity of around
93.1%, and a glycerol conversion to the gas phase of 50%.
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Figure 11. Inlet gas phase composition (mol%) on a nitrogen-free basis, and hydrogen
selectivity (A) for the NigPt;— 450 catalyst, in the APR of 10 wt% of glycerol at 0.36 h™X WHSV,
209°C and 5.3 bar of CO, partial pressure. Gas phase composition: (A ) hydrogen, (¢) CO,,
and () methane. Total gas molar inlet flow = 0.81 mmol/min.

Figure 12a and b show complete CO, capture for the first 10 h of operation,
producing a high-pressure (19.3 bar) gas stream with 95.5 mol% of H, and 4 mol% of
methane. There is an apparent CaO saturation after 50 h. The CO, mol% in the outlet stream
was around 10 mol% lower than the inlet stream at this saturation stage. Once the CaO is
saturated, the outlet stream should have the same composition as the inlet unless the CO,
is reacting. Grasa and Abanades® reported that CaO derived from natural limestones shows
a residual constant conversion of about 7 to 8% after hundreds of cycles of
carbonation/calcination, and seems to be independent of the CaO degradation by
calcination temperature. The residual constant conversion is likely related to a catalytic
conversion of CO, in the CaO. Additionally, Figure 12c shows that 50% of the initial CaO has
reacted at 55 h of adsorption, for a total adsorption capacity of 0.45 mol of CO,/mol CaO
(Figure 12d). The total CaO active sites (S1,:) and the CaO sequestration capacity were
calculated based on the amount of CO, adsorbed. To understand this phenomenon, Figure
13 shows the flow rate of gas phase components for both the inlet and outlet of the CaO
bed.
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Figure 12. a) H,, and b) CO, concentrations in the outlet stream of the CaO bed at 600°C, c)
changes in the total moles of CaO active sites (Si.t) given as a percent of the initial mol of
Ca0 in the bed, and d) the adsorption capacity of CaO as mol of CO,/mol of CaO. CaO-
packed bed with 25 g at 5.3 bar of CO, partial pressure. Inlet gas composition (mol%): 4.7%
N,, 63.4% H,, 27.7% CO,, 1.3% CH,. Total gas molar inlet flow = 0.81 mmol/min.

As shown in Figure 13a, the H, flow rate is the same at the inlet and the outlet for
the first 9 h, where there is complete CO, capture (Figure 13b). After 9 h of operation, the
H, flow rate decreases, indicating that H, is reacting in the CaO bed. Similarly, the propane
(Figure 13f) flow rate is lower in the outlet stream than in the inlet. The methane and ethane
(Figure 13d and e) flow rates are higher in the outlet stream than in the inlet. These changes
in alkane flow rates indicate that propane is being cracked to methane and ethane. These
findings indicate that the CaO acts as a catalyst bed at this temperature (600°C) and
pressure (19.3 bar). Table 5 shows the total mol of each component fed to the CaO bed for
the 72 h of operation, and the total mol of each component obtained at the outlet stream.
H,, CO,, and propane were consumed or reacted on the CaO bed, with reductions of 21.8,
60.4, and 54.9% respectively. Meanwhile, methane and ethane increased by around 100%.
These changes by the catalytic effect of the CaO in the bed. The CaO catalytic pathways
could include a) CO and water emissions by the CaCO; decomposition8?; b) propane cracking
into C1 — C2 alkanes; and c) CO, hydrogenation to produce the same C1 — C2 alkanes.
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Figure 13. Inlet (®) and outlet (H) flowrate of gas components from the CaO bed. a) H,, b)
CO,, c¢) CO, d) CH,, e) C,Hg, and f) C3Hg. CaO-packed bed with 25 g at 0.75 bar of CO, partial
pressure. Inlet gas composition (mol%): 4.7% N,, 63.4% H,, 27.7% CO,, 1.3% CH,. Total gas
molar inlet flow = 0.81 mmol/min.

At this CO, adsorption conditions (600°C, 19.3 bar of total pressure, and 5.3 bar of
CO,; partial pressure) the CO molar concentration increased from around 0.15 mol% (=1500
ppm) in the adsorber inlet to around 16 mol% after 10 h of adsorption as can be seen in
Figure S6 of SI. The CO production in the CaO bed is affected by the CO, partial pressure in
the inlet stream in addition to the temperature as discussed previously in section 3.3.1. At
600°C and 5.3 bar of CO, partial pressure, the CO concentration is two times higher than
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the concentration at the same temperature and 0.75 bar of CO, partial pressure, that was

8.4 mol%.

Table 5. Total mol of each gas component fed to the CaO bed, the total mol quantified at
the outlet, and the change in mol% after 72 h of operation at 600°C.

Inlet (mol) Outlet (mol) Change (%)
H, 2.01 1.57 -21.8
Co, 0.87 0.34 -60.4
Cco 0.0 0.32 -
Methane 0.04 0.08 100.9
Ethane 2.0x1073 4.0x1073 103.9
Propane 1.9x107* 8.5x10° -54.9

3.3.4 CO, sequestration modeling

The CO, sequestration constant (k) (or the rate of CO, adsorption) was calculated at
different adsorption conditions and CaO loadings. Figure 14 shows that k-values do not
depend on the temperature. The k-value is high for the first sequestration stage, in which
fast uptake occurs. Values of k for the CO, capture at 600°C decrease from 0.00139 to
0.000189 1/atm-min in the fast stage adsorption. This k-value tends to be constant in slow-
stage sequestration.
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Figure 14. CO, sequestration constant (k) at 500°C (@), 600°C (#), and 700°C (@) during
the APR of 10 wt% of glycerol. Packed bed with 50 g of CaO. Inlet gas composition (mol%):
86.8% N,, 9.1% H,, 4% CO,, 0.12% CH,. CO, partial pressure = 0.75 bar. Total molar gas inlet
flow = 2.4 mmol/min.

Figure 15 shows the CO, sequestration constant (k) calculated when the capture was
carried out at 600°C. The value of k was determined for 4 g, and 15 g of CaO at an inlet CO,
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partial pressure of 0.75 bar; and for a higher CO, inlet partial pressure of 5.3 bar with 25 g
of Ca0. As shown, the k-values have similar values independent of the amount of CaO
packed or the CO,; inlet partial pressure. The k-value was constant at around 0.000165
1/atm-min from 10 to 57 min of adsorption. For the first 10 h of capture, there is a decrease
from 0.000897 to 0.000189 1/atm-min, similar to the k-values determined at different
temperatures (Figure 14).
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Figure 15. CO, sequestration constant (k) at 600°C. CaO-packed bed with4 g (A)and 15 g
(®) at 0.75 bar of CO, partial pressure; inlet gas composition (mol%): 86.8% N,, 9.1% H,, 4%
CO,, 0.12% CH,; and total molar gas inlet flow = 2.23 mmol/min. A CaO-packed bed with
25 g at 5.3 bar of CO, partial pressure; inlet gas composition(mol%): 4.7% N,, 63.4% H,,
27.7% CO,, 1.3% CH,4; and total gas molar inlet flow = 0.81 mmol/min.

Using a k-value of 0.000165 1/atm-min we calculated the number of CaO active sites
at different CO, partial pressures (Figure 16). 0.75 bar and 5.3 bar of inlet CO, partial
pressures was considered for the calculation at 600°C.
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Figure 16. Relation of the total CaO active sites (Si;) with the CO, partial pressure in the
CaO bed outlet stream. k = 0.000165 (1/atm-min). @ Inlet CO, partial pressure of 5.3 atm,
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0.208 mmol CO,/min, 0.512 mmol H,/min, and 0.0599 mmol N,/min. B Inlet CO, partial
pressure of 0.75 atm, 0.0882 mmol CO,/min, 0.204 mmol H,/min, and 2.12 mmol N,/min.

CaO has been widely proposed for CO, capture.>’-%> The CaO sequestration capacity
depends on the temperature. Nevertheless, the presence of H, causes the reduction of
calcium carbonate forming CO and water. As previously reported by Sun et al.8% this effect
could be used to produce syngas from flue gases operating the CO, adsorber at 600 or
700°C. But, to keep low CO levels in the H, stream while reducing the CO, concentrations,
it is recommendable to operate the CaO bed at low temperature such as 500°C or lower,
depending on the APR composition and the CO, partial pressure. Pressure Swing Adsorption
(PSA)®° was also considered for the LCA and TEA analysis presented below.

3.4. Life Cycle Assessment (LCA), and Techno-Economical Analysis (TEA)

Figure 17 presents the results of the LCA analysis in terms of GHG emissions using
CaO adsorption (Figure 17a and c), and PSA (Figure 17b and d) for two scenarios: Scenario
A using Wisconsin grid electricity, and Scenario B using 100% renewable electricity.
Wisconsin’s electricity generation comes from 44.2% natural gas, 28.8% coal, 17.3%
nuclear, and 9.6% renewables.?? The results are presented considering two impact
allocation methods: i) mass allocation and ii) carbon content allocation. This figure also
shows the GHG contributions of each processing stage in different colors. Based on this
analysis, we can observe that all the scenarios result in net negative GHG emissions, except
for Scenario A considering allocation by carbon content when CaO is used for CO,
sequestration at 600°C. However, CaO adsorption for carbon capture is not currently used
industrially. Ifinstead, PSA is used for the hydrogen purification, all the scenarios are carbon
negative and with lower GHG emissions compared to the use of CaO at 600°C. Replacing
the electricity grid with renewable energy sources can decrease the GHG emissions of each
production stage. Moreover, the allocation method plays a critical role in the resulting GHG
emissions. Assumptions taken during the environmental impact analysis, including the
allocation method, can significantly alter the analysis results.
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Figure 17. Hydrogen production pathway and GHG emissions considering mass allocation:

a) CO, sequestration over CaO at 600°C, and b) using PSA for H, purification. The GHG
emissions (red arrows), uptake (green arrow), and capture and sequestration (purple arrow)
of each production stage are indicated in kg CO, eq./kg of H, produced under two scenarios,
Scenario A: using the Wisconsin grid (brown numbers) and Scenario B: using renewable
electricity (green numbers). GHG emissions of all scenarios and the contributions of each
production stage to the total GHG emissions considering c) CO, sequestration over CaO at
600°C, and d) using PSA for H, purification.

Figure 18 presents a comparison of the APR of glycerol coupled with CCUS
considering the mass allocation method compared to other H, production technologies. All
APR processes have net negative GHG emissions. The high biogenic uptake leads to negative
CO, emissions for APR processes that use glycerol derived from soybean, thereby
contributing to the goal of achieving net-zero carbon emissions. A comparison of all
scenarios and both impact allocation methods can be found in Figure S7 in the
supplementary information. These results are in accordance with the GHG emissions (—-18.5
kg CO, eq./kg H,) reported previously* for biomass gasification with CCUS. If Renewable
energy is used instead of grid electricity the GHG emissions could be even lower than —50
kg CO, eq./kg H, under the mass allocation method.
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Figure 18. Comparison of GHG emissions of H, production technology presented in this work
with the technologies presented in Table 1. Scenario A: using Wisconsin grid electricity.
Scenario B: using 100% renewable electricity.

A preliminary techno-economic analysis®® was conducted to determine the H,
production costs, including raw material and utility costs. Figure 19 shows the conceptual
design of the industrial-scale APR process coupled with CO, sequestration using CaO, which
was modeled using the Aspen Plus program. The use of CaO for CO, sequestration will need
an additional step to obtain a high-purity H,, since the stream obtained still contains small
amounts of alkanes and CO (1.8 to 4.4 mol% depending on the CO, partial pressure). A small
PSA unit could be coupled after the CO, sequestration unit using CaO. The process includes
four pieces of equipment: a reactor, a flash separator, a fluidized bed reactor, and a
compressor. The conceptual design for the industrial-scale APR process coupled with PSA
for H, purification can be found in Figure S8 in S, which includes a reactor, a flash separator,
a PSA unit, and a compressor. To provide a first estimation of the capital cost, Aspen Capital
Cost Estimator was used, which considers various factors such as the size and complexity of
each piece of equipment, required materials, and other expenses. These inputs generate
calculations of material and energy balances, and capital costs. Based on the calculations,
an APR plant producing about 823,000 kg of H, per year would require a capital cost of USD
4.3 million and would consume 7,112 tons/year of crude glycerol.
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Figure 19. Process scheme of APR of glycerol to produce H;, analyzed in TEA considering CaO
adsorption.

Table 6 presents the material and energy costs associated with the operation of the
plant based on two scenarios, along with the resulting estimated production cost of the H,.
The transportation cost within Wisconsin is neglected. Results are compared to the target
cost of $1 (USD) set by DOE to estimate the desired raw material cost. Based on rough
estimates, the price of the 10 wt% glycerol solution needs to be less than 32.4 USD/ton for
this technology to produce H, at 1 USD/kg. Therefore, glycerol produced from waste oil
processing facilities would be the most environmentally and economically favorable.

Table 6. Estimated production costs and its target include raw material, utility, and
transportation costs. Scenario A: using Wisconsin grid electricity. Scenario B: using
renewable electricity.

Using PSA Using CaO The goal of
Scenario A ScenarioB  Scenario A Scenario B 1USD/kgH,
Price of glycerol solution (USD/ton) 19884 19884 19884 19884 324
Raw material cost: glycerol (USD/kg H,) 1.71 1.71 1.71 1.71 0.28
Heat cost (USD/kg H,) 0.13% 0.13% 0.22% 0.22% 0.22%
Electricity cost (USD/kg H,) 0.508¢6 0.72% 0.508%¢ 0.72% 0.50%¢
H, cost (USD/kg H,) 2.3 2.6 2.4 2.7 1

The current study considers hydrogen production from soybean-based glycerol.
However, other common feedstocks are corn stover or lignin-rich stream (LRS) (for example,
from cellulosic ethanol production).888° The cost of hydrogen obtained is similar to a study
suggesting a price of 1.5 €/kg H, produced considering corn stover as feedstock and a
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hydrothermal liquefaction (HTL)-APR plant.®8 However, when comparing multiple studies,
LCA and TEA values can vary extremely depending on the system considerations, scope, and
boundaries.1#882091 Most studies assessing H, production using APR technology don't
perform LCA and TEA together. However, a recent study®?> demonstrated a 60% reduction
(from 20.9 to 8.2 g CO, eq./MJ) in GHG emissions (mass allocation method) on sustainable
aviation fuel production, and a 17% reduction (2.20 to 1.84 S$/kg) in the minimum fuel selling
price of SAF when hydrogen was produced in-situ through APR of glycerol. This
demonstrates that hydrogen produced through APR technology can help to reduce GHG
emissions and costs when coupled with other processes.

The cost of H, production can be reduced by considering carbon credits. It should
be noted that the market price of CO, fluctuates over time. As shown in Figure 20 for the
H, cost estimated for APR CO, separation using PSA, if CO, is sold back at the California
carbon credit market price, the production cost of H, is 2.38 USD/kg H, with grid electricity
and 2.17 USD/kg H, with renewable electricity. The production cost is even lower if it is sold
at the European market price; the production cost of H, is 1.73 USD/kg H, with grid
electricity and 1.52 USD/kg H, with renewable electricity.

3.00
2.38 S/kg H,
2.50
o0 2.17 S/kg H,
X ]
~
v
T 2.00 |
5 H 1.73 $/kg H,
[P :
% y California Carbon 1.52 $/ke H
8 :Credit Market ! 52 5/ke Ha
1.50 :Ql 2023 - Mean v
] European Carbon 1
: Credit Market :
! Q12023 - Mean |
1.00
0 50 100 150

Carbon Credit ($/ton CO,)

Scenario A (Grid El ectricity)

Scenario B: Renewable Electricity

Figure 20. The production cost of H, if different carbon credits are applied. Costs estimated
for H, produced in the APR of glycerol at 209°C and 19.3 bar, using PSA for CO, separation
and H, purification.

This study was carried out considering the glycerol produced as a byproduct in the
state of Wisconsin (USA), which was around 7112 tons and represents only around 1.5% of
the total production in the United States in 2023. According to the U.S. Energy Information
Administration®3 the total biodiesel production in the United States in 2023 was around
6500 million litres, which generates 566,000 tons of glycerol. This amount of glycerol can
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lead to the production of around 65,000 ton of green-emerald H, in the U.S., representing
0.5 % of the total Hydrogen demand in 2020 in the U.S. according to the data of McKinsey
& Company®*.

The estimated global demand for biodiesel in 2027 will be 52 billion litres®> which
corresponds to 4.6 million tons of glycerol. This amount of glycerol can produce 530,000
tons of H,, which represents 0.6 % of the global hydrogen demand. In addition to glycerol,
this technology could be applied to other more abundant biomass feedstocks such as
ethanol, xylitol, sorbitol, xylose, cellulose, or the whole biomass. This availability is
especially important to achieve the goal of net-zero carbon emissions, and to diversify the
renewable hydrogen sources.

4. Conclusions

Carbon-negative H,, or green-emerald H,, can be produced by coupling APR
technology with CO; sequestration. APR of glycerol at 209°C using a NigPt,-450 catalyst with
a system pressure 0.5 bar above the bubble point of water had a H, selectivity of 95.7%.
The carbon-negative H, stream obtained after CO, sequestration had 98.2 mol% H, purity
and 1.8 mol% methane. For higher CO, partial pressure and no nitrogen as sweep gas, the
carbon-negative H, purity was 95.6 mol%, with 3.8 mol% methane and 0.2% ethane. CO
concentrations of 400 and 800 ppm were detected respectively. Calcium oxide had an
adsorption capacity of 0.35 — 0.4 mol CO,/mol CaO at 600°C for low CO, partial pressure.
The CaO can catalyze the formation of CO by reverse water gas shift reaction at higher
adsorption capacity and CO,; partial pressures.

From the LCA analysis, the total GHG emissions depend on the key assumptions and
allocation method applied. The analysis showed that APR coupled with CCUS could produce
H, with net negative GHG emissions, especially considering the use of renewable energy.
Future research will investigate different shares of renewable energy and their effect on
GHG emissions and economic impacts. The GHG emissions can be as low as —50.1 kg CO,/kg
H, using CaO at 600°C, and as low as —56.6 kg CO,/kg H, using PSA when renewable
electricity is used according to the allocation by mass in both cases. Our carbon-negative H,
has a lower carbon footprint than other reported methods to produce H,>7>14, Therefore,
the APR of biomass-derived feedstocks coupled with CCUS can help to achieve the US DOE
target of net-zero carbon emissions. TEA analysis indicates that the crude glycerol price
needs to be lower than 32.4 USD/ton to produce H, at 1 USD/kg H,.
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