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streams through the integration of dark
fermentation and microbial electrolysis†

Arna Ganguly, Pingping Sun, * Xinyu Liu, Hernan E. Delgado, Lili Sun and
Amgad Elgowainy

Hydrogen derived from bio-based sources, or biohydrogen (bioH2), has the potential to reduce GHG emis-

sions from industrial and transportation sectors, owing to the low carbon footprint and myriad applications like

refinery operation, ammonia production, steel production, fuel cell, etc. To evaluate the commercialization

potential of bioH2 production, we modeled bioH2 production and conducted techno-economic analysis (TEA)

and life cycle analysis (LCA) of two facilities producing 50 metric tonnes of bioH2 per day from cheese whey

(CW) and solid food waste (SFW) through the integration of dark fermentation (DF) and microbial electrolysis

cell (MEC) technologies. LCA results showed that CW and SFW can produce carbon-negative bioH2, with

emissions of −8.6 and −8.0 kg GHG kg−1 bioH2 with carbon sequestration and renewable electricity resources,

respectively, making bioH2 potentially eligible for a tax credit of $3 kg−1 H2 based on provision 45 V of the U.S.

Inflation Reduction Act (IRA). In this study, bioH2 production treats waste streams to generate fresh water, thus,

potentially can receive waste water treatment fee that varies with regions. The MEC capital cost dominates the

bioH2 cost, which is mainly determined by current density. With a current density of 20 A m−2, the production

cost for CW input varied between $17 and $24 kg−1 bioH2, while that for SFW input ranged from $29 to

$30 kg−1 bioH2 under different operating conditions, considering the 45 V tax credit, waste water treatment

fee and production revenue. If the current density increases to 100 A m−2, the bioH2 cost decreases to a range

of $4.0–$6.9 for CW and $5–$6 for SFW scenarios. This study also shows that low-cost bioH2 can be pro-

duced using CW waste stream as feedstock.

Green foundation
1. This study explores the potential of organic matter-rich biowastes, such as cheese whey and solid food waste, as feedstock to produce bioH2 and CO2 follow-
ing integrated biochemical routes.
2. BioH2 can be used in the transportation and industrial sectors, while CO2 can be used in the beverage industry or can be sequestered. The study showed
low-cost bioH2 production, especially when cheese whey is used as the feedstock, with a low environmental footprint.
3. The material cost of the MEC stack and operating current density are key cost drivers of bioH2 production costs.

Introduction

Finding a clean alternative to fossil fuels has become para-
mount owing to the effects of carbon dioxide (CO2) emissions
on the global climate, such as melting glaciers, rising sea
levels, intense heat waves, and an increased number of wild-
fires.1 Alternatives must be environmentally sustainable and

commercially viable. Hydrogen (H2) is a potential clean
alternative fuel because it is a zero-carbon energy carrier that
can be produced from a variety of non-fossil sources.
Currently, the United States (U.S.) produces about 10 million
metric tonnes (MT) of hydrogen annually, mainly for pet-
roleum refining and ammonia production.2–4 According to
Ruth et al., H2 demand may grow to around 22–41 MMT per
year, with potential uses in emerging industrial sectors and
transportation applications.5

Hydrogen is a zero-carbon molecule, but its current pro-
duction via steam methane reforming (SMR) of natural gas is
carbon intensive. The life cycle greenhouse gas (GHG) emis-
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sions of SMR hydrogen are approximately 10 kilograms (kg) of
CO2 equivalent (CO2e) per kg H2 produced.6 Clean hydrogen
can be produced via water electrolysis using renewable or
nuclear electricity, leading to near-zero fuel cycles or well-to-
wheel (WTW) GHG emissions (i.e., excluding equipment-
embodied emissions). However, the electrolysis of water con-
sumes a significant amount of electricity, ranging from 40 to
55 kW h kg−1 H2,

7 depending on the technology employed.
This work investigates an alternative clean hydrogen pro-

duction technology that produces bio-hydrogen from waste
streams using the integration of dark fermentation and
microbial electrolysis cells (DF-MECs).

Wastewater is an abundant resource in today’s urbanized
world. According to the U.S. Department of Energy (DOE),
wastewater treatment consumes around 30 terawatt-hours of
electricity per year in the U.S., leading to an annual cost of
approximately $2 billion. Wastewater contains a significant
amount of energy in the form of organic compounds (or con-
taminants), which, if captured, can be transformed into valu-
able products, including H2.

8 Shen et al.9 reported that 86% of
wastewater treatment plants (WWTPs) with an average waste-
water flow rate of 10–100 million gallons per day with anaero-
bic digestion systems utilize biogas, out of which around 5%
are upgraded to pipeline renewable natural gas (RNG). Further
research is required to overcome technical barriers, such as
biogas upgrading and cleanup. An alternative pathway for
waste energy utilization is recovery as bioH2. With the market
price of H2 at $1.50 kg−1 or $13 MMBtu−1 H2,

10 it has a higher
market value than RNG (assuming the market price of natural
gas to be $4 MMBtu−1 (ref. 11)).

Various waste streams have been evaluated for bioH2 pro-
duction, such as cheese whey (CW), winery waste, and brewery
waste.12–14 Considering the wastewater organic content and
discharge capacity, CW is particularly attractive as a feedstock
for bioH2 production. Out of these different sources of waste-
water, the cheese industry consumes a significant amount of
water and produces a large amount of wastewater. The U.S.
produces around 13 billion pounds of cheese, generating
around 3.9 million gallons of CW per day.15 CW is the waste
stream from the cheese industry and has a high organic
content.16 It consists of 93%–94% water, with the rest being
lactose, proteins, fats, and other minerals.17

Urbanization and population growth have also led to a
rapid increase in municipal solid waste, and 22% of it is solid
food waste (SFW).18 In 2018, the U.S. Environmental
Protection Agency (EPA) reported a 60% increase in food waste
compared to levels in 1990.19 Food waste is a rich source of
carbohydrates and is produced in vast quantities, especially in
commercial locations such as restaurants, institutional cafeter-
ias, and residential areas.20 Thus, CW and SFW are potential
feedstocks for bioH2 production.

Bio-based H2 production includes thermochemical pro-
cesses, such as biomass gasification21–23 and fast pyrolysis,24,25

as well as biotechnological processes, such as direct and indir-
ect photolysis, photo-fermentation,26–28 dark fermentation
(DF),29–31 and biomass-driven electrolysis.32–34 Well-known

processes, such as fast pyrolysis, await commercialization
owing to the high energy demand during scale up;35

photofermentation has a major challenge of being light (inten-
sity) dependent, resulting in H2 yield uncertainty.36,37

Dark fermentation (DF) is one of the most widely used tech-
niques for producing H2 from organic waste residues.38–41

Compared to photo-based biochemical processes, DF has a
higher H2 concentration yield and fewer requirements for a
controlled environment for microorganisms (independent of
light intensity).42,43 Particularly, DF, operated under aqueous
conditions, is well suitable for treating aqueous and wet waste
streams and generating fresh water.44 DF is a biochemical con-
version of organic matter to bioH2 that uses microorganisms
in the absence of light and oxygen.45 A techno-economic ana-
lysis (TEA) of DF fed by agricultural residues estimated a
reduction in H2 production cost from $50 kg−1 (2015 dollars,
including byproduct credits) to around $6 kg−1 (2025, includ-
ing byproduct credits) assuming an improvement in techno-
logies with increased studies and experimental work.46

Hosseinzadeh et al.47 reported that detailed research is
required to increase the H2 productivity from wastewater and
biomass to increase commercial viability. Han et al. studied
the techno-economic analysis of bioH2 production from waste
bread via DF, obtaining a final production cost of $15 kg−1

H2.
48 Thus, more investigation is required to scale up plant

capacity. From a sustainability viewpoint, DF accounted for
greenhouse gas (GHG) emissions of 2.5 kg CO2e kg−1 H2,
which is much lower than fossil-based H2 production.49 Y.
Kannah et al.50 mentioned that dark fermentation-based
systems producing H2 incur comparatively lower production
and capital costs than systems employing photo-fermentation.

While DF converts organics (e.g., sugars) to hydrogen, it co-
produces fatty acids, such as acetic acid. These fatty acids can
be further processed to generate more hydrogen using
microbial electrolysis cells (MECs).51 The following equations
show what occurs during dark fermentation and microbial
electrolysis, producing bioH2 from glucose and galactose (DF)
and organic acids (MEC).

Dark fermentation:

C6H12O6ðglucose=galactoseÞ þ 2H2O
! 2CH3COOHþ 4H2 þ 2CO2

C6H12O6ðglucose=galactoseÞ ! CH3CH2CH2CO2Hþ 2H2

þ 2CO2

C6H12O6ðglucose=galactoseÞ þ 2H2O

! CH3CH2CO2Hþ 5H2 þ 3CO2

Microbial electrolysis cells:

CH3COOHþH2O ! 4H2 þ 2CO2

CH3CH2CH2CO2Hþ 6H2O ! 10H2 þ 4CO2

CH3CH2CO2Hþ 4H2O ! 7H2 þ 3CO2
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MEC is an emerging technology that removes additional
organic matter from wastewater while producing valuable bio-
products, such as H2.

52 Segundo-Aguilar et al.53 used a double-
chambered MEC that uses wastewater from the food industry
to produce H2 at the cathode and biogas at the anode.
Breakeven was reached with an H2 production efficiency of
40%, voltage of 0.3 V, and H2 and biogas prices of $5.10 kg−1

and $0.20 m−3, respectively, with a profit of $0.01 kg−1 chemi-
cal oxygen demand (COD) removed. This study was performed
on a lab-scale basis. Studies have pointed out that MEC is at
an early stage of development; thus, a thorough analysis is
required, especially during scale-up when performing techno-
economic analysis.

MEC systems also have environmental benefits. Chen
et al.54 reported a reduction in GHG emissions of around 64%
through further process optimization of MEC systems fed by
urban wastewater. The study reported GHG emissions of
18.8 kg CO2e kg

−1 H2 using the U.S. electricity mix, indicating
that carbon intensity can be further reduced using renewable
energy resources. The GHG emissions obtained in this study
were similar to those of H2 production via coal gasification.55

Recent studies have indicated that integrating MEC systems
with anaerobic digestion,56 or anaerobic membrane bio-
reactor,57 or thermoelectric micro-converter,58 or microbial
fuel cells and dark fermentation59 could enhance energy gene-
ration by recovering various valuable products, providing
advantages for their application in the future. Koul et al.60 dis-
cussed the significant potential of MEC-integrated systems in
forming a future bioeconomy although extensive research is
required to increase the product yield and efficiency of the
process.

The integration of DF and MEC has been observed to
enhance the total bioH2 yield. Marone et al.61 observed that an
integrated DF-MEC system produced 13 times the bioH2 yield
of a standalone DF system. Li et al.62 studied an integrated
DF-MEC facility fed by cornstalks and observed around three
times the H2 production of DF alone. An MEC system plays a
vital role in additional H2 production and COD removal from
DF effluent, thus making the system environmentally attrac-
tive. However, the production cost was not evaluated.

To the best of our knowledge, no studies have evaluated
both the production cost and GHG emission reduction poten-
tial of bioH2 produced from an integrated DF-MEC system.
This work fills this information gap and evaluates two poten-
tial feedstock sources: cheese whey (CW) and solid food waste
(SFW).

Methodology

The system analysis in this study is performed in three major
steps: (I) process modeling, (II) techno-economic analysis
(TEA) and (III) life cycle analysis (LCA).

In the CW-fed scenario, the aqueous feedstock is preheated
to 105 °C to remove lactic acid bacteria,63 cooled, and fed into
a fermenter that is maintained at 60 °C. Inoculum is heated to

85 °C and batch-fed into the fermenter (capacity of each fer-
menter vessel being 1 MM gallon64), keeping the CW-to-inocu-
lum volumetric ratio at 2.5 : 1.14,63 After 48 hours of fermenta-
tion, H2 is generated along with CO2, and the gas mixture (H2,
CO2, and water vapor) is directed to a Selexol™ unit, followed
by a pressure swing adsorption (PSA) process to separate the
CO2 for sequestration and obtain high purity H2.

65 In addition,
the CO2 is further purified with a CO2 capture unit for poten-
tial sequestration or sale. The aqueous effluent, which is rich
in organic acids (OAs), such as acetic acid, butyric acid, and
propionic acid, is fed to the MEC system to produce more H2

and CO2. The total CO2 produced from both processes is col-
lected and compressed to 2200 psi66 for carbon capture and
sequestration (CCS) or to be sold to the beverage industry.

In the SFW feedstock scenario, in addition to the integrated
DF-MEC, a pretreatment process, which includes grinding and
potassium hydroxide (KOH) treatment, is necessary to size the
solid feedstock for conversion efficiency.67 The net bioH2

obtained from both scenarios was set at 50 MT day−1, per
DOE’s targeted production scale.68

Process modeling

Using Aspen Plus™ software, we developed two process
models to simulate commercial-scale plants with capacities of
50 MT day−1 of bioH2.

69 The CW and SFW feedstock compo-
sitions were taken from Moreno et al.14 and Kim and Shin,67

respectively (Tables S1 and S2†). The dark fermentation operat-
ing conditions and yield were set based on previous studies by
Davis et al.64,70 and Humbird et al.71 Given the absence of
commercial MEC operation, the conceptual commercial scale
MEC was designed with the design factors of proton exchange
membrane (PEM) and chloralkali electrolyzer systems as
studied by Mayyas et al.,72 Escapa et al.,73 and Cusick et al.12

Fig. 1 and 2 show the process flow diagrams of the two 50 MT
day−1 bioH2 plants using CW and SFW as feedstock, respect-
ively, with their corresponding stream conditions (denoted by
the flow numbers in Fig. 1 and 2) tabulated in the ESI in
Tables S2 and S3.† In both bioH2 plants, the process model
undergoes the following sub-processes (also shown in Fig. 1
and 2):

• Handling: Feedstock handling and transportation are
reflected in the feedstock cost and life cycle analysis carbon
footprint.

• Pretreatment: This applies only to the SFW-fed scenario,
where the SFW is ground and treated with KOH to enhance the
feedstock-to-H2 conversion efficiency. The insoluble food
waste content (around 40% of SFW, mostly containing bone
structure) is separated and disposed of. Owing to incomplete
information, we treated the non-soluble solid as lignin. The in-
soluble solid is not converted or sent for combustion but
rather filtered for disposal. In the CW scenario, no pretreat-
ment is required.

• Dark fermentation (DF): In this process, fermentation
occurs in the absence of O2 to generate H2, CO2, organic acids,
and other by-products, such as ethanol.29 In the SFW scenario,
the SFW loading to the fermenter is assumed to be 50 g L−1.74
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The gaseous product from DF contains H2, CO2, and H2O,
which go to the gas recovery section for separation using the
Selexol unit and pressure swing adsorption (PSA). For both
scenarios, we assumed that DF occurs at 60 °C and 1 bar for
48 hours, reaching a conversion rate (of sugars) of approxi-
mately 80%, using validated test results.75 From previous lit-
erature studies of waste materials to bioH2 production through

DF, it is observed that acetic acid formation is highest, fol-
lowed by butyric and propionic acid.13,61,65,74–85 Hence, based
on prior literature reviews, we assumed that 51% of glucose
produces acetic acid (along with H2 and CO2), while 24% and
5% of glucose produce H2 and CO2 through the production of
BA and PA, respectively, which are further reutilized during
MEC.

Fig. 1 Detailed process flow diagram showing 50 MT day−1 bioH2 production from CW through DF-MEC integration.

Fig. 2 Detailed process flow diagram showing 50 MT day−1 bioH2 production from SFW through DF-MEC integration.
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• MEC bacteria: This step involves bacteria production
using effluents from DF along with protein and diammonium
phosphate (DAP) (nutrients required for bacterial growth)
based on a process developed in previous studies.86 For both
CW and SFW scenarios, we assumed that the MEC conversion
of organic acid is 90%.87

• Microbial electrolysis cell (MEC): In this process, the DF
effluent, containing acetic acid, butyric acid, and propionic
acid (CW scenario only), is utilized by microorganisms at the
anode side to generate electrons and protons at a very low
voltage. The electrons go to the cathode side and reduce
protons to produce H2.

60 The MEC effluent, with other remain-
ing organics and impurities, is fed to the WWTP. For both
scenarios, organic acid loading is set at 10 g L−1.88

• Gas recovery: This section separates the H2 and CO2 gas
streams from the DF gaseous product. The effluent goes
through a glycol process, commercially called Selexol,65 for the
recovery of CO2, followed by a pressure swing adsorption (PSA)
process89 that separates CO2 and H2 gases. The PSA process is
modeled using a reference design adopted from Spath et al.89

report, assuming an 85% H2 recovery rate. MEC generates
high-purity H2 and CO2 from the cathode and anode, respect-
ively; thus, only compression is needed. The byproduct CO2 is
compressed to 2200 psi (or 150 atm) for further storage and
transportation66 and thus can be either sold to the beverage
industry or sent to geological sequestration sites.

• Boiler: This process involves the generation of steam and
onsite electricity via the combustion of unused components of
DF and MEC.

• Wastewater treatment plant: This step includes the treat-
ment of wastewater before it is discharged to the environment,
and a portion of the treated water is recirculated and used to
meet process water requirements. No additional process water
is required since both feedstocks are around 88% water.

• Utility: This section consists of a cooling tower and re-
cycling of the treated water from the WWTP to meet process
requirements.

• Storage: This section primarily involves the storage of
process chemicals.

The purity of product H2 for both feedstock scenarios is
99.99% with 290 psi (or 20 atm), while that of CO2 is 99.8%
with 2200 psi (or 150 atm). For the dark fermentation bacteria
production, we assumed a bacteria loading of 3.5 × 10−4 g g−1

sugars based on a previous study of bioH2 production from
corn stover46 since there is no such information available
about using CW and SFW as feedstocks.

Life cycle analysis

LCA is widely used to quantify the environmental impacts and
carbon footprint of a product. The LCA evaluation used in this
study follows the International Organization for Standards
(ISO) 14040 and 14044.90,91 The Greenhouse Gases, Regulated
Emissions, and Energy Use in Technologies (GREET)92

2022 model was employed to quantify the life cycle GHG emis-
sions of bioH2 produced from two conceptual plants using CW
and SFW as feedstocks. This is a well-to-gate analysis that

includes all stages along the bioH2 supply chain, starting from
energy recovery and raw material extraction to the bioH2

product delivered at the plant gate ready for transportation to
downstream customers. Table 1 lists the carbon intensities of
all resources consumed in the conceptual bioH2 plants
modeled in this study. For both cases, we assumed that the
waste streams are burden free and that the two plants are
located at the site where the waste is accumulated. Both scen-
arios were normalized to a functional unit of 1 kg H2 for com-
parison purposes. The power required by both plants is
assumed to be sourced either from the U.S. electricity grid mix
or from renewable resources.

After obtaining the LCA results, H2 production cost graphs
in the TEA section for both feedstock scenarios were compared
based on the 2022 U.S. Inflation Reduction Act’s 45 V credits
for H2 production93 and 45 Q credits for carbon capture and
sequestration.94 These potential tax credits enable the facilities
to earn additional production tax credits (PTCs) depending on
the life cycle GHG emissions from the H2 plant and CO2 cap-
tured and sequestered, and they last for 10 years in the 45 V
case and 12 years in the 45 Q case. Only one of the potential
PTCs is accounted for at a time. Related information is pro-
vided in Table S7† and shown in the TEA result section.

We further quantified the water consumption factor (WCF)
for the two plants using the following equation:

WCF ¼ �Wp gal h�1� ��Wpr gal h�1� ��We gal h�1� �

H2 rate kg h�1� �

where Wp is the clean water produced by the WWTP section,
Wpr is the water recycled to be used by the integrated DF-MEC
system, and We is the water consumption rate for electricity
usage. The water consumption rates for electricity (U.S. mix,
wind, and solar) are 0.59 gal kW−1 h−1, 0.001 gal kW−1 h−1 and
0.12 gal kW−1 h−1, respectively.6 There is a minus (negative)
sign at the beginning of the equation since both plants
produce clean water on a net basis.

Techno-economic analysis (TEA)

The economic feasibility of the two plants was evaluated using
the U.S. Department of Energy (DOE) supported hydrogen ana-
lysis (H2A) production models68 to obtain the levelized bioH2

production cost. The bioH2 production cost was estimated
with a discounted cash flow rate of return analysis using a
10% internal rate of return (IRR) over the project lifetime of 40

Table 1 GHG emission factors of resources required for bioH2 pro-
duction from CW- and SFW-fed plants6

Resources
Emission factor
(kg CO2e kg

−1 or kW h)

U.S. electricity grid mix 0.44
Corn steep liquor 1.72
Diammonium phosphate 1.74
KOH 1.80
Nutrients in the CW scenario 0.52
Nutrients in the SFW scenario 1.64
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years operating at 90% capacity. For this purpose, annual
expenditure, revenues, and investment costs were estimated.
Annual expenses (or operating costs) primarily included fixed
costs (e.g., labor and maintenance costs), raw materials, and
energy expenses. Revenues earned depended on how the
plants chose to utilize the byproduct CO2. Finally, the invest-
ment (or capital costs) primarily consisted of the purchase and
installation costs of all the equipment, working capital, depre-
ciation over the period, indirect project construction costs, etc.
All cost estimates are based on 2019 U.S. dollars. Table 2
shows the economic assumptions for the two bioH2 plants.
Table 3 shows the material and energy flows and costs for the
two plants. An Aspen Process Economic Analyzer95 was used to
size the equipment across all operating units of the two Aspen
Plus models and estimate the equipment costs of the two
plants. In the case of the MEC system, we assumed current
densities of 20 A m−2, 50 A m−2 and 100 A m−2 based on
experimental results by Jeremiasse et al.,96 Miller97 and Liu
et al.,98 respectively. These MEC studies used wastewater and
biomass as feedstock, using graphite/graphite felt as the
anode and Ni foam/MoP as the cathode. From reported MEC
test results using various feedstocks at different scales, the
current density varies greatly from approximately 2.5 A m−2

(ref. 73) up to 100 A m−2,97,98 as summarized in Table S4.†
Based on the available literature data, the median MEC
current density value is around 20 A m−2. Thus, this study
shows TEA results based on three MEC operating current den-
sities and evaluates their impact on the economics of the two
plants (since with an increase in current density, the material
required for MEC decreases and vice versa). The median of
current density (20 A m−2 (ref. 96)) is used to estimate the
bioH2 production costs based on current MEC operations. The
higher and more optimistic MEC current densities of 50 A m−2

and 100 A m−2 are used to evaluate their impact on the bioH2

production cost.97,98 The MEC stack design was adopted from
the literature based on commercially available proton
exchange membrane (PEM) water electrolyzers and chloralkali
electrolyzers.12,72,73 Some of the key assumptions in the MEC
design, e.g., cost information, are provided in Tables S5 and S6
of the ESI.† We note that MEC operating at 20 A m−2 has
graphite felt and Ni foam as electrode materials96 while MEC
operating at 50 A m−2 and 100 A m−2 has graphite and MoP as
electrode materials,97,98 as shown in Table S6.† In Table S5,†
the study assumed MEC active areas of 2 m2 and 0.3 m2. The
latter value (0.3 m2) is taken based on NREL’s 2021 technical
report on PEM electrolyzers,99 which is ongoing. The 2 m2

value is taken from Brinkmann et al.’s study of industrial-scale
chlor-alkali plants.100 Our study primarily focuses on the
results derived from Brinkmann et al.100 since that study is
based on common industrial practices. The bioH2 production
costs, based on a 0.3 m2 active area of the MEC electrode,99 are
included in the ESI in Fig. S1 and S2.†

Our study points out that since both feedstocks are (bio-
based) waste streams, both have the advantage of earning
additional revenues through discharge or landfill tipping (dis-
posal) fees charged to the waste producers. For SFW, the
tipping fee is assumed to be around $53 MT−1 of solid waste
disposed of,116 which is a typical municipal solid waste dispo-
sal fee in the U.S. For this study, we considered a net tipping
fee of $32 MT−1 of solid waste since we are disposing of 40%
of the insoluble SFW as lignin, as mentioned above. In the
case of CW, the discharge fees heavily depend on the COD,
total suspended solid (TSS) contents in the wastewater, and
the location of the plant. The four governing equations117 used
to calculate the net discharge fees are as follows:

Df ¼ St þ Dh þ V f ; ð1Þ

Table 2 Financial assumptions for the two 50 MT day−1 bioH2

plants68,72

Parameters Assumptions

Plant life 40 years
After tax IRR 10%
Construction period 3 years
Start-up time 1 year
Income tax rate 25.74%
Salvage value 10% of depreciable capital

investment
Revenue and costs during
start-up

Fixed costs: 100%
Variable costs 75%
Revenue: 50%

Equity 40%
Interest rate on debt
financing

3.7%

Working capital 15% of the yearly difference in
operating costs

Salvage value 10% total capital investment
Decommissioning costs 10% of depreciable capital

investment
Depreciation schedule 20 years, MACRS

Table 3 Material and energy flows and costs/revenue (2019 USD) for CW and SFW plants producing 50 MT day−1 bioH2

Materials/energy input Flowrate (MT or MW h day−1) Price Ref.

CSL 0.03 (CW), 0.04(SFW) $0.036 lb−1 71
DAP 0.02 (CW), 0.003(SFW) $0.63 lb−1 71
KOH 0 (CW), 72 (SFW) $0.71 kg−1 101
Nutrients in the CW scenario 194.6 $4.30 kg−1 102–113
Nutrients in the SFW scenario 0.1 $1.10 kg−1 110
Industrial electricity 916.7 (CW), 1089 (SFW) $0.067 kW−1 h−1 114
CO2

a (used in beverage industry) 490.2 (CW), 492.7 (SFW) $0.10 kg−1 115

aNot the cost but revenue earned through CO2 sales in the beverage industry.
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where Df = net discharge fees, St = strength charge, Dh = dom-
estic holding tank fees or rate, and Vf = volume discharge fees
(also referred to as the industrial capacity discharge rate).

St ¼ V � TSS� 250ð Þ � 8:34� TSSrate½ �
þ V � COD� 500ð Þ � 8:34� CODrate½ � ð2Þ

where V = the volume of the waste stream in million gallons
per year (MGPY); TSS = amount of suspended solid in mg L−1;
COD = amount of chemical oxygen demand in mg L−1; 8.34 =
designated conversion rate; TSSrate = $ lb−1 of excess

TSS present, depending on the region; and CODrate = $ lb−1

of excess COD present, which again depends on the region.

Dh ¼ $P
1000 gallons

; ð3Þ

where P = the designated amount for the holding tank, which
usually remains the same throughout.

Vf ¼ $Q
1000 gallons

; ð4Þ

where Q = the designated amount for discharging the liquid
waste streams.

The TSS, COD, domestic tank, and industrial wastewater
discharge fee rates assumed for each region are shown in
Table 4. Using eqn (1)–(4), Table 5 shows that the revenue
earned through the discharge fee is highest for the western U.
S. region (California), followed by those of the southern and
midwestern U.S. regions.

Results and discussion
Life cycle analysis (LCA)

Fig. 3 and 4 illustrate the life cycle GHG emissions of bioH2

produced from the two plants. Various scenarios assuming
different sources of electricity supply and CO2 byproduct utiliz-
ation methods were assessed, and the scenarios were com-
pared based on these factors. The scenarios were also com-
pared to existing facilities producing H2 from natural gas (NG)
via SMR with and without carbon capture and sequestration
(CCS) facilities and via proton exchange membrane (PEM)
water electrolysis systems using U.S. mix, wind, and solar elec-
trical energy inputs. These are designated by the dashed-dot,

Table 4 TSS, COD, domestic tank and industrial wastewater discharge
fee rates considered for each region

Regions in
the U.S. TSSrate ($ lb−1) CODrate ($ lb−1) P Q Ref.

Midwest 0.413 0.21 11.4 3.1 117
South 0.27 0.26 118
West 1.14 0.43 119

Table 5 Revenue earned through discharge and tipping fees of CW and
SFW feedstocks, respectively, by the 50 MT day−1 bioH2 plant

Regions in
the U.S.

Cheese whey wastewater
discharge fees $ kg−1 CW
(or $ kg−1 H2)

Solid food waste (net)
tipping fees $ kg−1

SFW (or $ kg−1 H2)

Midwest −0.057 (−5.6) −0.032 (−2.9)
South −0.064 (−6.3)
West −0.11 (−11.3)

Fig. 3 Well-to-gate GHG emission comparison of different electricity sources and byproduct CO2 utilization for a 50 MT day−1 plant producing H2

from CW through DF-MEC integration.
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dotted, dashed, and solid lines, respectively, illustrated in
Fig. 3 and 4.

In both scenarios, when the U.S. mix electricity is used,
electricity is the main source of GHG emissions, accounting
for 9.5 kg GHG kg−1 H2 in the CW scenario and 11.3 kg GHG
kg−1 H2 in the SFW scenario. Electricity GHG emissions are
zero when the source is renewable. In the SFW scenario, the
GHG emissions from the U.S. mix electricity are around 18%
higher than in the CW scenario owing to the additional pre-
treatment required. This shows that the life cycle GHG emis-
sions for both scenarios are sensitive to the electricity input
rate and source.

The use of nutrients (trace elements required by bacterial
growth) in the CW scenario contributes 2.3 kg GHG to the life
cycle GHG emissions of bioH2, while their impacts in the SFW
scenario are negligible. This is because the CW scenario
requires more nutrients than the SFW scenario. The SFW scen-
ario, however, incurs a GHG emission of 2.9 kg GHG kg−1 H2

from the KOH required for pretreating the SFW, which is not
required in the CW scenario.

For both scenarios, using the CCS technology to capture and
sequester byproduct CO2 constitutes a major GHG sink, which
further helps in achieving negative life cycle GHG emissions for
both scenarios when the electricity source is renewable. This, in
turn, reduces the net H2 production cost through a PTC of
$3 kg−1 H2 (Table S7†) for both plants. PTCs of $0.75 and
$1.00 kg−1 H2 are assumed for the second and third cases of the
CW scenarios, respectively. For the SFW scenarios, the PTC
assumed for both the second and third cases is $0.60 kg−1 H2.

Water consumption factor

This study also quantified the water consumption factor (WCF)
since two plants (Table 6) require process water. Table 6 shows
the water consumption factors of the two plants using

different electricity sources. The WCFs are all negative since
both plants use the organic content of the wastewater to
produce bioH2 and clean water. A portion of this clean water is
used by the integrated DF-MEC process and electricity gene-
ration, and the rest can be discharged into the environment.
All scenarios discharge clean water to the environment, unlike
conventional H2 production pathways, such as SMR and PEM
electrolysis, which have WCFs of 2.4 and 4.1 gal kg−1 H2,
respectively.120 Thus, none of them incur the cost of buying
process water.

Techno-economic analysis (TEA)

Fig. 5(a)–(e) show the installed equipment costs required by
the two plants and MEC operating at 20 A m−2, 50 A m−2 and
100 A m−2 current density, each producing 50 MT day−1 of
bioH2. To produce 50 MT day−1 bioH2, the installed equipment
costs at 20 A m−2, 50 A m−2 and 100 A m−2 for the CW plant
are $3398 million (MM), $1265 million MM and $711 MM,
respectively. The same for SFW plants are $3918 MM, $1465
MM and $832 MM at 20 A m−2, 50 A m−2 and 100 A m−2,
respectively. The total project investments for the 50 MT day−1

bioH2 plant are $4826 MM, $1798 MM and $1010 MM for a

Fig. 4 Well-to-gate GHG emission comparison of different electricity sources and byproduct CO2 utilization for a 50 MT day−1 plant producing H2

from SFW through DF-MEC integration.

Table 6 Water consumption factors of CW- and SFW-fed plants produ-
cing 50 MT H2 day

−1 with different electricity resources

Scenario
Net water discharged
(MM gal h−1) WCF (gal kg−1 H2)

CW—U.S. mix 0.03 −16
CW—wind 0.05 −28
CW—solar 0.048 −26
SFW—U.S. mix 0.02 −13
SFW—wind 0.05 −27
SFW—solar 0.045 −24
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CW-fed plant and $5564 MM, $2081 MM and $1181 MM for an
SFW-fed plant with an MEC section operating at current den-
sities of 20 A m−2, 50 A m−2 and 100 A m−2, respectively. The

total project investment includes total direct capital costs,
engineering costs, site preparation, project contingency, licen-
sing, permits, and land costs. The SFW plant incurs additional

Fig. 5 Installed equipment costs for (a) CW to 50 MT day−1 bioH2, (b) SFW to 50 MT day−1 bioH2 MEC operating at 20 A m−2, (c) CW to 50 MT day−1

bioH2, (d) SFW to 50 MT day−1 bioH2 with the MEC operating at 50 A m−2, (e) CW to 50 MT day−1 bioH2 and (f ) SFW to 50 MT day−1 bioH2 with the
MEC operating at 100 A m−2 via the DF-MEC integration pathway.
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costs of around 1%–3% for feedstock pretreatment with KOH
and separation of insoluble SFW content. No pretreatment is
required for CW plants.

For both plants, the MEC system is the main contributor to
the installed capital costs, averaging approximately 92% of the
total installed equipment cost for the three MEC operating
current densities. Considering both the CW and SFW-fed
plants, for the 20 A m−2 scenario, 97% of the installed capital
costs are incurred by the MEC system, followed by 92% for 50
A m−2 and around 85% for 100 A m−2. This is also because the
anode (graphite felt – $290 m−2) used for the 20 A m−2 scen-
ario96 is more expensive than the anode (graphite plate –

$20 m−2) used for 50 A m−2 and 100 A m−2,97,98 as shown in
Table S6.† Thus, increasing the current density 5 times (20 A
m−2 to 100 A m−2) reduces the installed capital cost by approxi-
mately 78% for both CW and SFW scenarios. This suggests the
imperative need to increase the MEC current density as well as
to use less expensive electrode materials to reduce the capital
costs of the overall plants. Tables S5 and S6† present the stack
design parameters, the materials, and the costs of the primary
MEC stack design materials. The detailed breakdown of MEC
assembly costs for both plants at 20 A m−2, 50 A m−2 and 100 A
m−2 MEC current densities is shown in Fig. 6. At approximately
30% and 24%, the membrane and transportation layer are the
two largest contributors to the final MEC assembly cost, respect-
ively, for both CW and SFW scenarios. From Fig. 6, it is observed
that for both scenarios, increasing the current density from 20 A
m−2 to 100 A m−2 decreases the total MEC cost assembly by
approximately 80%. This further decreases the total installed
capital cost by around 78% for both scenarios, as shown in Fig. 5
(comparing a and b versus e and f).

In both scenarios, the MEC section needs to operate at a
much higher current density to decrease total capital costs. At
present, the MEC current densities considered for this study

are 20 A m−2, 50 A m−2 and 100 A m−2,97,98 which is much
lower than a PEM electrolyzer operating at a current density of
approximately 17 000–30 000 A m−2.72,121 Further research is
required to increase the operating current density of MEC to
aid in reducing the total capital cost and thus the final H2 pro-
duction costs.

The 50 MT day−1 bioH2 production cost contributors for
the CW and SFW plants, operating at MEC current densities of
20 A m−2, 50 A m−2 and 100 A m−2 are shown in Fig. 7 and 9,
respectively. The CW scenarios have lower bioH2 production
costs at 50 and 100 A m−2, ranging from $7.2 (at 50 A m−2) and
$2.9 (at 100 A m−2) in the U.S. Midwest region to $1.5 (at 50 A
m−2) and −$2.8 (at 100 A m−2) in the U.S. west region per kg
H2 produced, assuming the U.S. grid mix as the electricity
resource and by-product CO2 being sold to the beverage indus-
try. The production costs are comparatively higher for the SFW
scenario, ranging from $11.0 (at 50 A m−2) to $6.1 (at 100 A
m−2) per kg H2, assuming the U.S. grid mix as the electricity
resource and by-product CO2 being sold to the beverage
industry.

Another point of comparison for both feedstock scenarios,
reflected in the H2 production cost graphs of the second,
third, fourth and fifth scenarios in Fig. 7 and 9, is additional
tax credits obtained through the 2022 IRA 45 V and 45 Q
credits for H2 production93 and carbon sequestration,94

respectively. Each TEA plot for both scenarios is compared
based on electricity input and CO2 usage. The electricity cost
($ kW−1 h−1) remains the same for all scenarios considered,
both U.S. mix and wind/solar power; the difference lies in the
life cycle GHG emissions shown in Fig. 3 and 4. The LCA
results with different electricity input and CO2 usage govern
the amount of tax credits obtained through the 2022 IRA 45 V,
as shown in Table S7,† and thus affect the net bioH2 pro-
duction costs. One noticeable thing for both plants (CW and

Fig. 6 Installed equipment costs of the MEC assembly for CW and SFW scenarios.
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SFW) is that, with an MEC current density of 20 A m−2, the
facilities are not economically viable. The lowest bioH2 pro-
duction cost achieved is $16.9 kg−1 H2 for the western US

region- CW scenario and $29 kg−1 H2 for the SFW scenario
(assuming renewable energy as an electricity resource with
CCS technology and IRA 45 V tax credits).

Fig. 7 Contributions to the levelized bioH2 production cost of an integrated DF-MEC facility producing 50 MT day−1 H2 from CW based on the
plant located in (a) the midwestern U.S., (b) south U.S., and (c) west U.S. regions, with the current density of MEC being 20 A m−2, 50 A m−2 and 100
A m−2, given the source of electricity supply, byproduct utilization, and potential tax credits earned (if applicable) for each case.
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Fig. 8 Sensitivity analysis of H2 production cost from CW via DF-MEC integration producing 50 MT day−1 of H2 based on plants located in the
Midwest U.S. region with MEC operating at (a) 20 A m−2, (b) 50 A m−2 and (c) 100 A m−2. The labels include the baseline values of each parameter
considered.
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Fig. 7(a)–(c) show the contributions of different parameters
towards the production cost of 50 MT day−1 bioH2 across the
U.S. midwestern, southern, and western regions, respectively.
Each scenario and location are also compared based on MEC
operating conditions of 20 A m−2, 50 A m−2 and 100 A m−2

current densities to understand the importance of increasing
the MEC current density for bioH2 production.

When CW is used as the feedstock, discharge fee revenues
play the largest role in reducing the production cost of H2, fol-
lowed by the utilization of the CO2 by-product, which in turn
affects the corresponding PTC obtained by the facility. The dis-
charge fees, as mentioned above, depend on the plant
location. High discharge fees in the western region of the U.S.
($11.3 kg−1 H2) lead to negative H2 production costs (Fig. 7c at
100 A m−2) owing to the increased revenues earned. Other
than capital costs, electricity and required nutrients are the
main contributors to a variable cost of around $3.30 kg−1 H2

for all three regions shown in Fig. 7.
Fig. 8a–c show the sensitivity of the levelized H2 production

cost from CW to different process parameters. The baseline scen-
ario uses the U.S. mix as the electricity source and assumes
selling CO2 to the beverage industry. We varied each parameter,
one at a time, by ±20% and explored the effects on the H2 pro-
duction cost. For Fig. 8b and c (MEC current densities being 50
and 100 A m−2, respectively), the H2 production cost is mostly
sensitive to variations in four parameters, with the most influen-
tial one being MEC current density, followed by discharge fees,
IRR, and H2 output. Increasing the MEC current density or dis-
charge fees by 20% decreases the H2 production cost by around
30% and 16% at 50 A m−2, respectively. At 100 A m−2, the dis-
charge fee is more sensitive than the MEC current density.
Increasing the discharge fee by 20% decreases the H2 production

cost by 38%, while the same for the MEC current density (base-
line being 100 A m−2) is around 30%. In regions where the dis-
charge fee is higher, such as the western U.S., the variations in
discharge fees become the most influential factor, surpassing the
MEC current density (Fig. S3 and S4†). An increase in the MEC
current density decreases the MEC area (or the corresponding
MEC stack materials required), which significantly decreases the
final bioH2 production cost. The impact of the final bioH2 cost
due to the discharge fee heavily depends on the region con-
sidered, as discussed in Tables 4 and 5.

Similar to the MEC current density and discharge fee, the
H2 production amount shows a similar indirect proportionality
relationship (an increase in the parameter decreases the leve-
lized bioH2 production cost) with the overall production cost.
However, increasing the required IRR by 20% increases the H2

production cost range by approximately 15–20% for the mid-
western U.S. region (operating at 50 and 100 A m−2 MEC
current densities), showing a directly proportional relationship
of IRR with the production cost of H2. Similar patterns are also
observed for MEC membrane, MEC transport layer and elec-
trode (cathode and anode) costs. Sensitivity analyses for the
southern and western U.S. regions are shown in Fig. S3 and
S4.† Fig. 8a shows the sensitivity of the 20 A m−2 MEC current
density on the bioH2 production cost. The most sensitive para-
meter is the current density, which is similar to that observed
for the 50 A m−2 case (Fig. 8b). Unlike 50 A m−2 and 100 A
m−2, for MEC operation at 20 A m−2, the discharge fee plays a
much less significant role, which is also observed for the
south and west U.S. regions for the CW scenario (Fig. S3a and
S4a†). This furthermore supports the need for increased MEC
current density operation so that the revenues earned through
CW (feedstock) at different locations can gain potential signifi-

Fig. 9 Production cost breakdown for an integrated DF-MEC facility producing 50 MT day−1 H2 from SFW, with MEC operating current density
being 20 A m−2, 50 A m−2 and 100 A m−2, based on source of electricity supply, byproduct utilization, and PTC earned (if applicable) for each case.
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cance, especially for the west U.S. region. Another point of
difference observed in Fig. 8a–c is that for the 20 A m−2 case,
the MEC electrode prices are much more sensitive parameters

for the bioH2 production cost compared to 50 A m−2 and 100 A
m−2 cases, which is also observed for the SFW bioH2 pro-
duction cost sensitivity analysis in Fig. 10. This suggests the

Fig. 10 Sensitivity analysis of H2 production cost from SFW via DF-MEC integration producing 50 MT day−1 of H2, with MEC current density oper-
ation being at (a) 20 A m−2, (b) 50 A m−2 and (c) 100 A m−2. The labels include the baseline values of each parameter considered.
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need for cheaper MEC electrode materials along with increas-
ing the MEC current density operation.

Fig. 9 shows the detailed production cost breakdown of an
integrated DF-MEC facility producing 50 MT day−1 H2 from
SFW in various scenarios with different sources of electricity
supply, CO2 byproduct utilization methods, and types of poten-
tial PTC applied, based on the GHG emissions for each case
shown in Fig. 4. Similar to the CW-fed case, each aforemen-
tioned scenario is compared based on MEC operating current
densities of 20 A m−2, 50 A m−2 and 100 A m−2. The bioH2 pro-
duction costs vary between $5.0 kg−1 and $31 kg−1, including
$2.9 kg−1 revenue earned in the form of net tipping fees.
However, the consumption of electricity, KOH, and nutrients
contributed $3 to the production cost per kg of H2 produced.
This value is lower than those in the CW scenario because the
amount of nutrients required in the CW scenario is higher
than that in the SFW scenario. As mentioned earlier, bioH2

production cost from SFW, operating at an MEC current
density of 20 A m−2, is not at all economically viable. The
average production cost is $30 kg−1 H2, considering all the five
cases assumed, as illustrated in Fig. 9.

We obtained production costs of $10.6 (at 50 A m−2) and
$5.7 (at 100 A m−2) per kg H2 with wind/solar as the electricity
resource, revenues generated from tipping fees, CO2 being sold
to the beverage industry, and potential PTC obtained through
2022 IRA H2 (45 V) for the first 10 years (second scenario of
Fig. 9). The lowest H2 production cost of $5.0 kg−1 is achieved
when using wind/solar electricity with CCS technology, with
MEC operating at 100 A m−2. The life cycle GHG emissions for
this case are −8.00 kg per kg H2, qualifying the system to
obtain a PTC of $3 kg−1 H2 through the 2022 IRA H2 (45 V).

Fig. 10 depicts the sensitivity of the cost of H2 production
using SFW as feedstock to different process parameters. The
variations in the MEC current density exhibited the greatest
impact on the fluctuations in H2 production cost, followed by
the IRR and H2 output. Varying the current density by ±20%
changes the net H2 production cost by around ∓20%, while
varying the IRR and H2 output by ±20% varies the net pro-
duction cost by ±11% and ∓10%, respectively, when MEC is
operating at 20 A m−2, 50 A m−2 and 100 A m−2. This shows
that for both plants, the MEC current density plays a vital role
in reducing the final bioH2 production cost.

Overall, both processes are modeled using validated lab test
results from the literature, which represent the latest scientific
discovery, with potential improvement via fundamental
science advancements, e.g., bacterial genetic engineering,
MEC electrode and membrane development. Meanwhile, for
the scaling up of plant operation, the DF yield and MEC
current density are affected by factors other than scientific
elements, e.g., feedstock inconsistency and presence of impur-
ity, mass and heat transfer limitations and material fouling.
Efficient engineering design (e.g., pretreatment to remove
solids or impurities) and material/equipment development
(e.g., efficient propeller and anti-fouling practices) allow
efficient scaling with satisfactory yield towards
commercialization.

Conclusions

This study investigated the economic and environmental pro-
spects of two 50 MT day−1 bioH2 production facilities using
CW and SFW as feedstock and producing high-purity CO2 as a
byproduct. The CO2 is either sold to the beverage industry or
captured and sequestered. Since both feedstocks are waste
streams, they can potentially contribute discharge/tipping
revenue earning opportunities instead of being expenses.
Discharge fees for the CW varied according to plant location
because the COD and TSS rates varied with location. The dis-
charge fees were $5.6, $6.3 and $11.3 per kg H2 produced for
the midwestern, southern and western U.S. regions, respect-
ively. The tipping fees for SFW were based on typical munici-
pal solid waste fees and had a flat rate of $53 MT−1 (ref. 116)
across the U.S. A tipping fee of $2.9 kg−1 H2 can be regarded as
revenue earned. Based on literature data (Table S4†), MEC
operating at current density was set to 20 A m−2, 50 A m−2 and
100 A m−2 to observe their impact on the final bioH2 pro-
duction costs for both feedstocks.

Economic analysis showed that the MEC section is the
primary contributor to the installed capital cost, emphasizing
the need for further research to increase the current density of
MEC operation along with using cheaper electrode materials.
These observations are further supported in the bioH2 cost
sensitivity analysis plots of CW and SFW scenarios. In the CW
scenario, the discharge fee significantly affected the final pro-
duction cost of bioH2, demonstrating a $5-$11 kg−1 cost
reduction, and it was observed that with an increase in current
density from 20 A m−2 to 100 A m−2, the discharge fee was the
most sensitive parameter.

Since the waste streams do not carry emissions burdens
from upstream, the life cycle GHG emissions of bioH2 pro-
duction depend only on the carbon intensities of electricity
and nutrients. Using renewable electricity together with CCS
technology, the bioH2 produced from both feedstocks is
carbon negative, qualifying the system to receive a PTC of
$3 kg−1 H2 under 2022 IRA 45 V. For both feedstocks, 45 V
leads to greater benefits (about $2.1 kg−1 reduction over the
life of the project) than 45 Q (about $0.4 kg−1 reduction).
However, the wastewater discharge exhibits the highest benefit
($5-$11 kg−1 cost reduction).

The study further quantified WCF, which is a cost to most
plants using process water. Both plants assessed in this work
have no water consumption since they used the organic matter
of the waste streams to produce H2 and gave away clean water,
some of which is reutilized by the process, thereby eliminating
the need to buy process water from outside. An average of 23
and 21 gallons of clean water per kg bioH2 was produced and/
or discharged through DF-MEC of CW and SFW, respectively,
unlike H2 production methods, such as SMR and PEM electro-
lysis, which consume fresh water.6

This study showed the potential of low-cost H2 production
pathways using DF-MEC integration, different electricity
sources and CO2 utilization/sequestration strategies. For the
two waste feedstocks, the MEC process needs further research
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and development to increase the current density and further
reduce the total capital costs. From a low-cost bioH2 pro-
duction viewpoint, all CW-fed scenarios showed significant
potential across all three U.S. regions evaluated, especially
the western region, considering current densities of 50 and
100 A m−2. However, none of the scenarios are economically
feasible with MEC operating at a current density of 20 A m−2.
Some of the limitations of this study are the variable compo-
sition of the waste feedstock, especially solid food waste, and
the maintenance costs and lifetime operational hours of the
MEC.

BioH2 production is more capital intensive than PEM elec-
trolysis owing to the lower current density of MEC, which
requires further research. However, bioH2 production from
waste streams has advantages in lower electricity consumption
(20–22 kW h kg−1 H2 vs. 55 kW h kg−1 H2 from PEM7) and the
generation of treated clean water instead of consuming fresh
water. This makes bioH2 production extremely attractive in
areas with a constrained water supply and a high wastewater
discharge fee, such as California.
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