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The cement industry, a foundation of infrastructure development, is responsible for nearly 7 % of global COy
emissions, highlighting an urgent need for scalable decarbonization strategies. This study investigates the techno-
economic feasibility of integrating on-site solar-powered green hydrogen production into cement manufacturing
processes. A mixed-integer linear programming (MILP) model optimizes the design and operation of solar
photovoltaics (PV), proton exchange membrane (PEM) electrolyzer, and hydrogen storage for a representative
cement plant in Texas. Five hydrogen substitution scenarios (10-30 % of thermal demand) were evaluated based
on net present cost (NPC), levelized cost of hydrogen (LCOH), cost of CO, avoided and greenhouse gas (GHG)
emissions reduction. Hydrogen integration up to 30 % is technically viable but economically constrained, with
LCOH rising non-linearly from $58.7 to $95.3 GJ* due to escalating component costs. Environmentally, a 30 %
hydrogen share could reduce total U.S. cement sector emissions by 22 %. While significant, this confirms at
present, the solar-driven hydrogen serves as a partial solution rather than a standalone pathway to deep
decarbonization, suggesting it must complement other strategies like carbon capture, electrification and other
complementary technologies. The economic viability of this approach is entirely contingent on financial in-
centives as the investment tax credits of 80 % or higher are essential to enable cost parity with fossil fuels. This
work provides a comprehensive techno-economic and environmental framework concluding immense economic
barriers and that aggressive policy support is indispensable for enabling the transition to low-carbon cement
manufacturing.

1. Introduction U.S. industrial sector, the cement industry alone produces 65.6 million

metric tons of carbon dioxide equivalent annually accounting for nearly

The cement industry is a cornerstone of global infrastructure devel-
opment and economic growth. As economies expand, cement produc-
tion serves as a key indicator of rising infrastructure needs, forming the
backbone of modern construction, enabling the creation of buildings,
roads, bridges, and other vital structures [1]. With global cement pro-
duction reaching 4.1 billion metric tons annually and expected to in-
crease tenfold by 2050 [2], alongside U.S. production of around 90
million metric tons per year [3], demand continues to rise. Cement
manufacturing is one of the most energy-intensive and high-emission
industrial processes [4]. It is the third-largest industrial energy con-
sumer [5], accounting for 10.7 EJ which equals to 7 % of the world’s
industrial energy consumption and contributing 2.2 Gt COy/year
equaling 6-7 % of global anthropogenic CO, emissions [6,7]. Within the

4 % of U.S. industrial GHG emissions in 2023 with process emission of
39.7 million metric tons and fuel based emission of 25.9 million metric
tons [8,9]. This significant carbon footprint, coupled with projected
growth in cement demand, necessitates immediate and scalable decar-
bonization strategies to achieve net-zero emissions by 2050.

Cement manufacturing occurs in multiple stages, from raw material
extraction and clinker formation to final cement production [10]. The
primary component of cement, clinker [11], is produced through an
energy-intensive process, with the kiln, preheater and calciner stages
accounting around 90 % of energy consumption [12]. These same stages
are responsible for the majority of CO, emissions as well. Clinker for-
mation requires extreme temperatures of approximately 1450 °C [13],
which are primarily generated by fossil fuel combustion, mainly coal
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[14]. The process involves two key reactions: calcination, where lime-
stone decomposes into CaO and CO3 at 900 °C, and sintering, where CaO
reacts with silica, alumina, and ferrous oxide at 1450 °C [15]. Fossil fuel
combustion accounts for 40-45 % of the cement industry’s total emis-
sions, while calcination contributes 50-55 % of direct CO, emissions
[16].

Decarbonizing the cement industry remains a significant challenge
due to major emissions coming from widely available raw materials like
limestone and crushed rock, along with long-established manufacturing
technologies [17]. To address this issue, various carbon capture utili-
zation and storage (CCUS) technologies are being explored, including
post-combustion capture, oxy-combustion, and direct separation [18].
While effective, CCUS alone cannot fully mitigate emissions. The GCCA
Net-Zero Roadmap estimates that CCUS could deliver about 36 % of
total cumulative emission reductions required across the cement and
concrete sector, corresponding to 3.8 Giga tons CO, by 2050 [19]. In
practice, the capture rates of emissions are typically 85-90 % [20] but
retrofitting all the cement industries are not physically and economically
feasible, many sites lack access to suitable geological storage, and the
energy and cost penalties limit universal deployment. CCUS is expected
to play a major role but must be complemented by clinker substitution,
fuel switching and low-carbon binders for deep decarbonization [21].

Fuel switching has long been practiced as a complementary decar-
bonization strategy, primarily to reduce reliance on coal and petroleum
coke [22,23]. Several alternative fuels, such as waste oils, plastics,
shredded residues, and waste tires, have been proposed and are pri-
marily used as solid, liquid, and gas-based waste fuels [24]. These
strategies have been motivated largely by cost savings and waste man-
agement benefits but continue to release CO, upon combustion. In the
US cement industry, the current fuel mix is predominantly fossil fuels
(coal 41 %, petroleum coke 24 %, natural gas 23 %, waste oils/tars 3 %,
coke and breeze 1 %, distillate and residual fuels 1 %, and others 8 %
[25]). To achieve deep decarbonization, a carbon-free alternative is
therefore needed [26,27].

Hydrogen, with its potential for carbon-free emissions when pro-
duced renewably, is emerging as a promising alternative fuel [21]. As
the cement industry seeks pathways to achieve net-zero emissions, green
hydrogen presents a compelling solution, aligning with more aggressive
sustainability strategies needed to decarbonize high-temperature in-
dustrial processes [28]. Produced via electrolysis powered by renewable
energy [29,30], green hydrogen has an maximum emissions limit of just
36.4 g CO2-eq/MJ [31]. Its integration into cement kilns could poten-
tially reduce sectoral emissions by 34-40 % [32]. With a high calorific
value (141.8 MJ/kg), approximately 6-7 times that of coal [33,34],
hydrogen offers high combustion efficiency and potentially seamless
integration into existing heat systems [35,36].

Transitioning to a low-carbon cement industry requires fuel switch-
ing with renewable energy integration alongside carbon capture tech-
nologies. This study investigates the techno-economic feasibility of
green hydrogen by optimizing solar-powered production, storage, and
utilization in clinker kiln-calciner system to minimize costs using a
Mixed-Integer Linear Programming (MILP) model. The analysis opti-
mizes the design and operation of a PV-electrolyzer-hydrogen storage
system for a representative U.S. cement plant, evaluating system per-
formance and costs across different hydrogen substitution levels. Envi-
ronmental impacts are assessed through direct and indirect COy
reductions and the cost of CO, avoided. We also evaluate the role of
policy incentives in improving financial competitiveness and scalability.
By addressing these factors, this research provides data-driven insights
to guide industry and policy decisions, accelerating decarbonization and
supporting the cement sector’s path to net-zero emissions by 2050.

2. Literature review

The cement industry’s shift toward low-carbon alternatives has
driven extensive research into hydrogen as a viable fuel replacement for
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high-temperature processes. Kilns and preheaters, responsible major
energy consumption in industry [37], present a key opportunity for
hydrogen integration. Studies demonstrate that hydrogen can be intro-
duced into existing heat systems with minor modifications [38],
allowing for progressive fuel substitution without major infrastructure
overhauls.

Research has explored various approaches, including blending
hydrogen with conventional fuels, co-firing with alternative fuels like
refuse-derived fuel (RDF) and biomass [39], and using hydrogen-biofuel
blends [40]. Blending hydrogen at levels of 5-20 % has demonstrated
CO; emission reductions of up to 6 % equaling 22 Mt, often with min-
imal equipment changes. More substantial emission reductions, up to 21
% (about 70 Mt cumulative CO, savings), have been projected for
biomass-hythane blends in the Canadian cement industry [41]. Indus-
trial trials reinforce these findings. For instance, CEMEX has utilized
hydrogen injection as a catalyst to optimize combustion and increase
alternative fuel use, achieving a 34 % substitution rate [42]. Hei-
delbergCement’s Ribblesdale plant achieved net-zero operation with a
fuel mix containing 39 % hydrogen, biomass, and glycerine, confirming
the feasibility of retrofitting burners for up to 40 % hydrogen blends
[43]. These trials also showed that cement produced with
hydrogen-biofuel blends exhibits comparable performance to that pro-
duced with traditional fossil fuels, despite some minor differences in
clinker mineralogy and hydration [44].

Retrofitting burners for hydrogen combustion remains a key chal-
lenge due to hydrogen’s distinct combustion characteristics, including
higher flame speed, lower ignition energy, and unique temperature
profiles [45]. To address these concerns, advanced burner technologies
have been explored, such as pre-mixed flames, staged combustion, and
porous media burners, which enhance stability and minimize flashback
risks [46,47]. Programs like Hy4Heat emphasize material durability for
high-temperature hydrogen use and highlight the need for rigorous
safety protocols to mitigate unintended ignition risks [48].

Beyond combustion, research is also exploring various hydrogen
production methods suitable for the cement industry. On-site ammonia
cracking [49] and oxycombustion [50] offer practical solutions,
simplifying storage and transport while potentially reducing CO, emis-
sions by up to 44 %. Integrating hydrogen production with Power-to-Gas
systems and CO, capture technologies has also been identified as a
promising decarbonization pathway [51], although economic and
technological hurdles remain.

Economic feasibility remains a key barrier to hydrogen adoption. To
assess the trade-offs and viability of emerging technologies, many
studies have employed techno-economic-environmental analyses [52].
While blending reduces emissions, it can increase production costs by
0.6 %-16 %, depending on the substitution rate [53]. Research into
wind-alkaline electrolysis suggests hydrogen costs of $2.12-$2.26 per kg
at $63 per MWh electricity [54], with projected reductions of 35 % by
2030 [55]. Studies on solar-electrolyzer integration further indicate
potential cost reductions in levelized cost of hydrogen (LCOH) [56].
Despite technological advancements, hydrogen remains economically
uncompetitive with fossil fuels without financial support.

The U.S. National Clean Hydrogen Strategy and Roadmap aims to
bridge this cost gap through initiatives such as the Hydrogen Shot pro-
gram, targeting $1 per kg hydrogen production by 2031 [57]. Policy
incentives, including clean hydrogen production tax credits (45V,
named after Section 45V of the U.S. Inflation Reduction Act of 2022)
[58] and regional hydrogen hubs, play a crucial role in accelerating
industry adoption. However, few studies directly analyze the impact of
such incentives on cement production costs and higher hydrogen sub-
stitution rates.

To optimize the design and operation of these complex integrated
systems, researchers have employed various modeling techniques.
Studies have utilized models like linear optimization [59] and
mixed-integer linear programming (MILP) to optimize hybrid renewable
systems, including configurations with solar thermal [60,61],
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photovoltaics [62], wind [63], desalination [64], water treatment [65,
66], industrial energy [67,68] and hydrogen fuel cells [69,70]. These
models focus on minimizing lifecycle costs while ensuring a reliable
power supply to meet fluctuating demands.

While hydrogen has been considered as a potential fuel for various
industries, no existing research has specifically addressed the integra-
tion of green hydrogen, produced from renewable energy sources, into
the cement manufacturing process. Although several studies have
investigated hydrogen use in cement production, many have focused on
low substitution rates, the hydrogen used are not green with mainly
derived from steam reforming or from gasification and also lack
comprehensive techno-economic analyses. Much of the existing research
does not explicitly address the challenges or system-level implications of
using hydrogen derived from renewable sources. This study makes a
novel contribution by addressing the unique technical and economic
challenges of coupling solar-powered electrolysis with the continuous,
high-temperature energy demands of cement production. This integra-
tion is particularly relevant for solar-rich, cement-intensive regions like
Texas. The role of policy incentives in enhancing economic feasibility,
such as investment tax credits, has also not been systematically evalu-
ated in this context. To address these gaps, we develop a comprehensive
techno-economic model using MILP to optimize a solar PV-powered
hydrogen system integrated with weather data of representative
climate zones. Through a techno-economic and environmental evalua-
tion of multiple hydrogen substitution scenarios, this research offers one
of the first in-depth assessments of green hydrogen’s potential to
decarbonize cement manufacturing.

Industry Specific Data
- Thermal demand (hourly basis)
- Production Hours

‘ Meteorological Data
| - Hourly Solar Irradiance
- Ambient Temperature

Component Specification Data
- Technical Specifications

(efficiency, lifetime)
- Economic Specifications

(7('.:\PEX: OPEX, rg[lluccmun[!
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3. Methodology

Fig. 1 outlines the step-by-step process used to design and optimize a
renewable hydrogen production system for cement manufacturing. The
study starts with data collection, where we gather information on in-
dustrial energy demands, solar availability, and economic factors to
shape the system design. In system modeling, we develop mathematical
representations of how solar PV generates power, how the electrolyzer
produces hydrogen and how it is stored. The optimization phase forms
the core of the study where a Mixed Integer Linear Programming (MILP)
model is employed. MILP is a mathematical technique that simulta-
neously optimizes continuous variables (such as energy flows and pro-
duction rates) and discrete decisions (like equipment sizing and on/off
status) to determine the most cost-effective system configuration. It does
this while considering key system constraints, such as solar resource
availability, storage capacity, and plant operation needs, to ensure
enough hydrogen is produced to replace coal under different scenarios.
Finally, in post-analysis, we assess the economic feasibility, calculate
GHG reductions for a typical cement plant, see the impact of policy in
making the system economically viable, and also scale up the results to
estimate the potential impact across the entire U.S. cement industry.
This study evaluates five scenarios with annual hydrogen shares of 10 %,
15 %, 20 %, 25 %, and 30 % in the combined clinker kiln and calciner
system.

Based on reported operating conditions of 900 °C in the calciner and
1450 °C in the rotary kiln [13], hydrogen blending ratios were capped at
45 % for the calciner and 25 % for the kiln. These values reflect findings

Optimal Sizing of components
for different scenarios

Energy Flow and
Resource Utilization

Net Present Cost of optimal
system

\ ; MILP-based |

! ‘ optimal sizing |
‘ and operation of / \

Objective Function
- Net Present Cost (NPC)

Decision Variables
- Size of components
- Energy System Operation

Constraints
- Power Balance
- Component Sizing

the energy system

Post Processing

Economics and Environment
- LCOH, LCOE, NPV
- Annual GHG emissions reduction

Policy Based Incentive Study
-Scenario based study for capital
incentive from 10% to 90%

National Decarbonization Impact
-Annual GHG emission reduction
for entire U.S. cement industry

Fig. 1. Overall framework of the proposed research.
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from industrial trials (Heidelberg Materials, 2024 [43]; MPA, 2022
[71]1) showing stable combustion and clinker quality up to these sub-
stitution levels. A system-wide weighted cap of 35 % was therefore
imposed in the model. The higher limit in the calciner is due to its lower
operating temperature, secondary fuel flexibility, and separation from
direct clinker formation reactions. The kiln’s higher temperature and
dependence on stable, controlled combustion for clinker formation
make it more sensitive to hydrogen’s high flame speed and low volu-
metric energy density. Excess hydrogen in the kiln can disrupt flame
stability, increase NOy emissions, and affect clinker quality, making
lower blending ratios necessary [72]. Reported plant data show that the
kiln with calciner, the energy consumption can vary from 40 to 60 %,
depending on kiln size, fuel mix, and preheater configuration [73].
Based on this, a 50/50 energy split between the two units was assumed,
with a maximum hourly hydrogen substitution cap of 35 %, calculated
as weighted average. But maintaining the 35 % cap consistently
year-round would require significant oversized PV and storage system to
maintain that level during periods of low solar availability. To account
for seasonal variability and infrastructure cost, an annual limit of 30 %
on hydrogen substitution is imposed. For a representative cement plant
considered in this study, this corresponds to 786,420 GJ/year of
hydrogen energy, requiring 1,694,160 GJ/year of solar PV generation in
30 % substitution scenario. This annual cap therefore reflects a more
practical, economically feasible target, while allowing operational
flexibility under real-world conditions.

3.1. Data preparation

To ensure the study’s relevance and scalability, we used a compre-
hensive dataset encompassing national clinker production figures
(approximately 77 million metric tons annually) and regional solar
resource data. Annual clinker production data from all U.S. plants were
collected from the U.S. Geological Survey (USGS) and the Federal Re-
serve’s G.17 Industrial Production and Capacity Utilization report.
Analysis revealed the predominance of medium-sized cement plants.
Therefore, we defined a representative model clinker production plant
with a capacity of 2200 metric tons per day (TPD). This value represents
the average clinker production capacity of U.S. plants, calculated by
dividing the total U.S. clinker production by the number of operating
plants. Scaling this model to 99 plants approximates the total clinker
production of the U.S. cement industry. This provides a nationally
relevant context for the findings. This model plant’s hourly thermal
energy consumption was determined by establishing a normalized 24-h
profile based on existing literature [74] and scaled to reflect the 2200
TPD capacity to represent the typical daily variation. This profile was
extrapolated on an annual basis as presented in Fig. 2a and b. The
extrapolation incorporated factors like seasonal production variations

a)
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(summer/winter), temperature-dependent adjustments (0.3 % GJ/ton
clinker per °C below 18 °C for winter heating losses and —0.15 % GJ/ton
clinker per °C above 18 °C for summer efficiency gains), stochastic daily
variability (£4-5 %), and planned maintenance shutdowns. The two
pronounced anomalies observed on Fig. 2a at around 2000hrs and
6500hrs corresponds to scheduled 10-day maintenance periods modeled
as reduced rate “hot hold” operation, where thermal input fell from 365
GJ/h to around 85 GJ/h, slowed by 75 %. This reflects the system being
maintained at its minimum stable load to preserve refractory integrity
and avoid the high restart penalty of a complete shutdown. The energy
intensity in Fig. 2b remains within the typical range of 3.5-3.7 GJ/ton.
Seasonal variability is evident: intensity decreases in summer due to
reduced heat losses and drying needs and increases in winter from
greater thermal demand.

The geographic location significantly impacts the feasibility of solar-
powered hydrogen production due to variations in solar irradiance.
While states like California and Missouri were considered, Texas was
selected as the representative location for its optimal combination of
high solar irradiance and substantial cement production capacity. This
"sweet spot" ensures the study’s relevance to a significant portion of the
U.S. cement industry, balancing strong renewable energy potential with
high industrial demand. California, while having excellent solar re-
sources, has a lower cement production capacity than Texas. Missouri,
on the other hand, has a lower solar irradiance than Texas. Hourly solar
irradiance and ambient temperature data for these regions were ob-
tained from the National Renewable Energy Laboratory’s (NREL) Sys-
tem Advisor Model (SAM) software. The cement industries are assumed
to have sufficient land area for PV installations. Other required param-
eters required for the calculation of PV power were taken from PV model
titled SunPower SPR-E19-310-COM and are listed in Table 1. These data
allow for accurate estimations of solar power generation potential and
inform the optimal sizing of renewable hydrogen production systems.
The temperature coefficient () below indicates how a solar panel’s ef-
ficiency decreases as temperature rises, while the derating factor (f)
accounts for real-world losses (like dust, wiring, and shading) that
reduce a panel’s output below its rated capacity.

To evaluate the economic feasibility of integrating green hydrogen, a

Table 1

Parameter for solar PV system.
Parameter Value Reference
Nominal Operating Cell Temperature (NOCT) 46 ° C [75]
Cell temperature at standard condition, Teeji,sta 25°C [75]
Temperature Coefficient, o —0.00386 1/K [75]1
Incident irradiation at standard condition, Ggq 1 kW/m? [75]1
Derating Factor, f,, 0.86 [76]

b)

Energy Consumption (Gliton)

o 1000 2000 3000 4000 5000 6000 7000 8000

Time (hours)

Fig. 2. (A) Hourly thermal energy consumption (GJ) profile in clinker kiln in entire year. (b) Hourly thermal energy consumption per ton of clinker (GJ/ton).
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comprehensive cost analysis was conducted, covering both capital ex-
penditures (CAPEX) and operational expenditures (OPEX). CAPEX ac-
counts for the investment in photovoltaic (PV) systems, proton exchange
membrane (PEM) electrolyzers (including balance-of-plant compo-
nents), high pressurized hydrogen storage tank (up to 700 bars) [77],
and the necessary infrastructure upgrades required for hydrogen inte-
gration within the cement plant. OPEX, derived from industry data and
existing literature, includes ongoing maintenance, periodic replacement
of key components such as PV panels, electrolyzer stacks, and hydrogen
storage, as well as daily operational expenses associated with hydrogen
production. PV system costs incorporate all essential auxiliary compo-
nents, while hydrogen storage costs include piping and installation ex-
penses. Electrolyzer costs cover both the stack and balance-of-plant
components, including the water supply system, gas separator, and
control mechanisms. In line with standard techno-economic assessment
practices, maintenance costs were estimated as a percentage of CAPEX
to ensure consistency and comparability across different hydrogen
production scenarios. The parameters for electrolyzer performance and
economic modeling were obtained from recent studies published be-
tween 2020 and 2024, as detailed in Tables 2 and 3.

3.2. Mathematical modeling for each system component

Fig. 3 illustrates the entire solar powered hydrogen production
process implied to the clinker production, corresponding to the energy
system operation and power balance phase under mathematical
modelling section in Fig. 1. Raw materials undergo crushing, enter the
pre-calciner and kiln, where coal provides heat. Hydrogen from solar-
powered electrolysis is stored and used in the burner as a partial fuel
replacement, reducing fossil fuel dependency and emissions. There are
two major nodes N1 and N2, where major power balances take place.
Node N1is responsible for ensuring that solar power must be equal or
more than that required for electrolyzer to operate and node N2 ensures
that power from hydrogen and coal must equal the total thermal energy
need.

3.2.1. PV module
The power output generated by the solar photovoltaic (PV) system is
determined using Eq. (1) [70],

G
va (t) :f;zv ° va.rated : (G(;)) : <1 +a- (Tcell(t) - Tcell.std) (1)

where f;, is the PV derating factor, Py, rqeq is the rated PV capacity, G(t)
(kW/ m?) is the solar irradiance incident on the PV array at any time step
of t, Gyq is the incident solar irradiance under the standard test condition
(STC), a (1/K) is the temperature coefficient, while Teesq(t) (°C) cor-
responds to the PV cell temperature under STC, and ‘t’ belongs to [1,T].
Teen(t) (°C) is the PV cell temperature at any given time calculated using
Eq. (2) [76,90,91].

T:ell(t) = Tamb (t) -+ %2 (NOCT — 20) (2)

where Tgmp(t) is the ambient temperature at time ¢, and NOCT refers to
the nominal operating cell temperature. The (1 +a-(Tceu(t) *Tceu,std) is

also called temperature factor denoted by f; and (%ﬁ;) is the GHI factor

Table 2

Parameter for electrolyzer module.
Parameter Value Reference
Efficiency (BOP) 5, 0.81 [78]
Higher heating value of hydrogen, HHVy, 39.39 kWh/kg [79]1

141.8 MJ/kg

Minimum operating load, Yeimin 10 % [771
Maximum operating load, Yeimax 100 % [771

International Journal of Hydrogen Energy 194 (2025) 152508

Table 3
Techno-economic assumptions.
Parameter Value Reference
Electrolyzer
CAPEX 1188 $/kW [77]
OPEX 7.5 % of CAPEX [80]
Stack replacement cost 35 % of CAPEX [771
System installation cost 12 % of overall CAPEX [80]
PV system
CAPEX 981 $/KW [78]
OPEX 1 % of CAPEX [78,81]
Hydrogen storage
CAPEX 480 $/kwW [771
OPEX 2 % of CAPEX [77]
Specific consumption 4 MJ/Kkgu2 [771
Efficiency of compressed hydrogen 0.95 [82]
storage tank (1,,)
Burner conversion cost $200,000 per burner [71]
Discount rate 10 % [80]
System lifetime 20 years
Stack life 10 years
Cost of coal $0.22 per kg/$8.6 per GJ/ [83]
$0.031/kWh
Electricity price $0.16 per kWh [84]
Oxygen price (Ambit, Frontier) $0.08 per kg [85]
GHG emission factor for coal, 346 kg CO; ¢q per MWh of [86,87]
EFGHG fuel energy from coal
96 kg CO3 ¢q per GJ
Grid electricity emission factor, 425 kg CO; ¢q per MWh of [88,89]

EFGHG 4y

energy

8-

3.2.2. Electrolyzer

For this study, we propose a proton exchange membrane electrolyzer
(PEMEL) for its compact size, operational feasibility and low start-up
time. The rate of hydrogen produced per hour through this electro-

lyzer is given by Eq. 3
_ P el el

Hy

~ HHVy,

3

where, my, is the rate of hydrogen produced in kg/hr, P is the power
requested (in Watts) by the electrolyzer, 1 is the overall efficiency of
electrolyzer along with auxiliary components such as water purification,
cooling systems, compressors, valves etc., also called Balance of Plant
(BoP) and HHVy, is called the higher heating value of the hydrogen
which is given 141.8 MJ/kg. This is essential as the efficiency of the
electrolyzer producing hydrogen is universally benchmarked against
HHV. In order to maintain effective operation of the electrolyzer, the
proposed system must switch from on and off based on the availability of
sufficient power to operate from the solar PV. To incorporate switching,
a binary variable x(t) ¢ [0,1], is introduced, where 0 means electrolyzer
is not operating and 1 means electrolyzer is operating. Directly incor-
porating this binary control into the model through a product of x(t) and
continuous variable, P q.q, introduces a non-linearity, complicating
the optimization process. So, to linearize we use an auxiliary variable
Py rated.aux 10 represent the non-linear term as is Eq. (4).

Pel.ra[ed,au.x(t) = Pel,rated 'X(t) 4)

where P, rqq is the rated power of the electrolyzer and x(t) is a binary
variable. In order to allow Pg rqred aux (t) accurately represent P qeeq-X(t)
without introducing nonlinearity, we impose constraints as shown by
Egs. (5)-(8).

Pel,rated.au.x(t) SPel,rated - (1 - x(t))'Pel,rated.min (5)
Pel.ra[ed,aux(t) Zpel,rated - (1 - X(t))'Pel.rated.max (6)

Pel,rated,aux(t) S Pel.rated.max'x(t) (7)
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Fig. 3. Process overview for on-site hydrogen generation and utilization in cement plant.
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These constraints collectively enforce the correct relationship be-
tween the binary control variable x(t) and the auxiliary variable
Pei rared.aux (t), €nsuring linearity in the model. When x(t) is equal to 0, Eq.
(5) and Eq. (7) reduce the upper bounds so that P aeqan(t) is con-
strained to zero, meaning the electrolyzer is OFF. But when x(t) = 1, Eq.
(6) and Eq. (8) activate and force the auxiliary variable, P rated aux(t),
become equal to Py qeq, thus activating the electrolyzer at full rated
capacity. To operate the electrolyzer at its minimum to its maximum
operating range, we impose the constraint given in Eq. 9

Pel,rated.au.x(t) > Pel.ratedmin -X(t)

yel.min : Pel,mted,aux(t) S Pel S yel_max‘Pel.rated,aux(t) (9)
where ¥ min and Yo max are the lower and upper limit of the electrolyzer
operating range. This constraint keeps the power used by the electro-
lyzer (P,) within the operating range.

3.2.3. Hydrogen storage module

The hydrogen from the electrolyzer is first stored in the tank for
storage and from there, supplied to the burner. Eq. (11) gives the
hydrogen power produced by electrolyzer.

Prz prod(t) = Pei(£) 11y = My, (t). HHVy, an
where Py proq(t) is the hydrogen power produced in kW per time step as
the electrolyzer operates at kW per time step. The entirety of this power
is used to charge the hydrogen tank as given by Eq. (12),

P(ht.in) (t) = PHZprod (t) (12)

At each time step of 1 h, the hydrogen energy contained in tank
(HECT) is given by Eq. (13).
P (t)

HECT(I+ 1) :HECT(I) + P(h[‘in)(t) - "
st

13)

where Py is the hydrogen power input (kW) into the thermal system and
n, is the efficiency of hydrogen storage tank. This efficiency in-
corporates the losses during storage, retrieval and other inefficiencies.
Although P (t) and Py(t) are expressed in power units (kW), the
equations are interpreted on a per-timestep basis, where the time reso-
lution is 1 h. These power values effectively represent energy flows in
kilowatt-hours (kWh) per timestep, making HECT consistent in units of

energy (kWh). A boundary condition is implied for the first timestep of
the simulation given as

HECT(0) = HECTqtoq* LOH; 14)
where LOHj;, is the level of hydrogen (LOH) of the storage tank at the
beginning of the simulation and HECT,q.q is the rated capacity of the
hydrogen tank. To limit the energy that can be stored in the storage tank,
inequality constraint as defined earlier is given by Eq. 15

LOH,in HECT 40 < HECT(t) < LOH oy HECTratea (15)

Since, LOH is 0 and LOH,,, is 1, the HECT(t) can range from zero
to its rated capacity HECT qeq-

3.2.4. System thermal load

The hydrogen stored in the tank is used to satisfy the thermal re-
quirements of both the kiln and the calciner. The power output to the
thermal system in each timestep is limited by a maximum percentage of
the total hydrogen share required and total thermal load in the system,
as given in Eq. (16).

Py (t) < W*Ploqa(t) (16)
where w is the hourly percentage share in the fuel mix and Pj,qq(t) is the
total thermal energy input into the system in that hour. In this study, the
hydrogen share is limited to a maximum of 35 % of the total fuel input
per timestep. Within this limit, the calciner’s fuel consists of up to 45 %
hydrogen, while the kiln uses up to 25 % hydrogen. For a representative
case of 272 GJ total fuel demand per hour (136 GJ/h each for kiln and
calciner), this corresponds to a maximum of 61 GJ/h hydrogen in the
calciner and 34 GJ/h in the kiln, which is 95 GJ/h or 35 % of the system
input. This cap is consistent with literature indicating that cement
chemistry remains stable up to 35 % hydrogen substitution. The burners
for both the calciner and the kiln are replaced, each incurring a capital
expenditure (CAPEX) of $200,000 and an operational expenditure
(OPEX) equal to 2 % of the CAPEX [71].

3.2.5. Power balance

In each time interval t of the simulation, two main power balances
must be satisfied. The first power balance, which takes place in between
solar PV and electrolyzer shown by N1 in Fig. 3, is given by Eq. 17
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va(t) 2 Pel(t) 17)

where P, (t) is the power generated by the solar PV. This inequality
allows hours with PV output exceeding the electrolyzer load. To
explicitly account for this surplus, A non-negative surplus curtailment
term, P, (t) is added, which has no value in the MILP objective. Thus,
Eq. (17) can be written as Eq. 18

Py (t) = Pu(t) + Pan(t) (18)

where Pey(t) is (Pp(t) — Pa(t)) > 0. This modelling approach was
used as it helps the model to characterize Hy supply costs and sizing
independent of incentivizing PV over builds for grid-export benefits.

After the optimization, the annual surplus energy (Zfﬁo Peyre (t))) is

multiplied with a user specified fraction @ (0.8 for our case) for grid
sales in post processing.

The second power balance (N2) occurs in between the hydrogen
storage tank and burner in the system where the power from the
hydrogen and from the other fuel must always be equal to the total
thermal energy required in the system in every time step “t” and is given
as Eq. (19).

Pioad(t) = Prg(t) + Py (t) &)

where Pf(t) is the power generated by fuels other than hydrogen. Along
with the power constraints, we implement a constraint that defines the
annual hydrogen production/consumption target and is given as Eq.
(20).

8760
PyearlyHZ =x* Z Pload (t) (20)

t=1

where x is the variable share factor of hydrogen in total annual thermal
load into the system. This share factor can be adjusted to create different
scenarios for analysis, allowing us to examine how varying hydrogen
production goals impact the system.

3.3. Analysis

A MILP optimization model was developed spanning one year, with
the time horizon discretized into hourly intervals. The decision variables
are divided into primary and auxiliary sets. The primary variables define
the rated capacities of the system components, which include.

® Py, rarea: The rated installed capacity of the PV array (kW)
e ELOHT,qeq: The rated capacity of the hydrogen storage tank (kWh)
® P, raeq: The rated power capacity of the electrolyzer (kW)

Auxiliary variables represent operational states at each time step t €
T (time horizon).

e P,,(t): Power output from the solar PV array (kW)

e P,(t): Power consumption of the electrolyzer (kW)

e ELOHT(t): Energy stored in the hydrogen storage (kWh)

e P¢(t): Power input into the thermal system (kWh)

e my, (t): Mass flow rate of hydrogen produced by the electrolyzer (kg/
s)

A binary variable to model the on-off state of the electrolyzer at each
time step was employed, thereby incorporating operational constraints
and potential startup/shutdown costs.

The objective function of this research is to minimize the Net Present
Cost (NPC) of the overall renewable hydrogen production system over
its operational lifecycle. It is defined as the sum of the capital expen-
diture of the plant (CAPEX) and the net operating expenditure (OPEX)
and is expressed by Eq. (21).
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minNPC = CAPEX,oq1 + OPEX a1 21)
X

where CAPEX,yq is the sum of all the capital expenditure for all com-
ponents involved in the system and OPEX,, is the total annual opera-
tional and maintenance cost, discounted to their present value. Eq. (22)
represents all capital cost including solar PV, electrolyzer installation
cost, Hydrogen tank storage and burner conversion cost, while Eq. (23)
present the net operating expenditure of the mentioned system
components.

CAPEX, o1y = CAPEXpy + CAPEXy;, + CAPEXyr + CAPEXpyrmers (22)
N
OPEXpy + OPEXg;, + OPEX,
OPEXypiq = Y —— = i (23)

p aQ+n"
where n is a certain year over the lifetime of plant N, r is the discount
rate.

The sizes of the PV array, electrolyzer and hydrogen storage system
are treated as continuous decision variables, bounded within specific
range, given by Eq. (24) and Eq. (25).

va‘rated,min < va.rated < va‘rated,max (24)
Pel.rated.min < Pel.rated < Pel.rated.max (25)

where Pp, rared @nd Pejrareq are the rated installed capacity of the PV array
and the electrolyzer, respectively. The subscripts “min” and “max”
denote the lower and upper bounds for each component’s capacity,
ensuring that the optimization model searches for solutions only within
these specified limits.

The MILP model generates a comprehensive set of outputs that
provide detailed insights into the optimal design and operation of the
solar PV-based hydrogen production system. These outputs include the
optimal rated capacities for the solar PV array and the electrolyzer unit,
ensuring that hydrogen production meets demand at the lowest possible
cost. The model also offers an in-depth understanding of the electrolyzer
operational dynamics by specifying it’s on/off status for each hour
throughout the year. This information is crucial for analyzing the
interplay between hydrogen production, solar energy availability, and
hydrogen storage levels. The model delivers an hourly energy flow
analysis, detailing the power generated by the solar PV array, the energy
consumed by the electrolyzer, and the flow of hydrogen to the storage
tank. From the hydrogen tank, the stored hydrogen is supplied to the
cement kiln and clinker production processes. The excess electrical en-
ergy from solar PV, if any, is sold to the grid, contributing to additional
revenue streams. These outputs form the foundation for further post-
processing analysis, including the calculation of the levelized cost of
hydrogen (LCOH), the levelized cost of energy (LCOE), and the esti-
mation of CO; emission reductions achieved through this system. This
comprehensive analysis also helps determine the economic viability and
environmental benefits of integrating solar PV-based hydrogen pro-
duction into industrial applications like cement manufacturing.

3.4. Economic metrics

Main economic metric derived from the optimization result is the
LCOH. LCOH represents the average cost per unit of hydrogen produced
over the system’s lifetime, considering both capital and operational
costs. The LCOH (in $/GJ) is given by Eq. (26).

NPCHZ - NPCrevenue
N M, .
> ((lff)n) *0.1418

n=1

LCOH = (26)

where My, is the total hydrogen production in kg, NPCreyenye is the sum
of revenue that is collected from selling oxygen and 80 % of generated
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electricity to the grid but at a fixed price.

3.5. Environmental metrics

The environmental impact is assessed by estimating the greenhouse
gas (GHG) emissions, including carbon dioxide (CO2), methane (CHy),
and nitrous oxide (N20), associated with the annual consumption of
carbon-based fuels. Emissions are expressed in carbon dioxide equiva-
lents (COzeq) using 100-year Global Warming Potential (GWP) values
from the IPCC Fourth Assessment Report (AR4), with GWPs of 1 for CO»,
25 for CHy, and 298 for NoO [92]. The yearly GHG savings (in COseq)
achieved through hydrogen utilization are calculated based on the
annual energy demand met by hydrogen and the GHG emission factor of
the substituted fuel.

The excess energy generated by the solar PV system, which is sold to
the grid, contributes to further GHG reductions by displacing fossil-fuel-
based electricity generation. Since grid electricity has its own GHG
footprint, the substitution of conventional power with clean solar energy
leads to indirect emission savings by preventing emissions that would
have been produced by coal or natural gas power plants. The total GHG
savings, represented by Eq. (27), include both direct reductions from
fuel substitution and indirect reductions from renewable electricity
export.

GHG savings = EHZyear‘EFGHG.fuel + Eexcm‘year’EFGHGgﬁd (27)

where, Ep» yeqr is the annual energy demand fulfilled through hydrogen
(KWh), Eexcess year is the annual excess energy exported to the grid (kWh),
EFGyG fuet and EFgrg,,, are the GHG emission factor of the substituted
fuel (kg CO2eq/kWh) combustion and emission factor provided for grid
electricity production respectively.
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To relate these environmental benefits to techno-economic perfor-
mance, the cost of CO5 avoided is also calculated which is given in Eq.
(28).

NP CH2 — NP Crevenue — NP Cbaseline
GHGsvg,total

(28)

CCOZ Lavoided =

where, NPCygiine is the net present cost of the coal-only baseline,
GHGyg o1 is the cumulative GHG savings over a period of time which
can be calculated by multiplying the annual GHG savings by the number
of years.

4. Results

The performance of the proposed solar PV-powered hydrogen pro-
duction system for cement manufacturing was evaluated through a
comprehensive techno-economic analysis. The technical analysis con-
sisted of mathematical modeling to optimize the entire system by
determining the optimal sizing of PV, electrolyzer, and storage, while
dynamically balancing hydrogen production and utilization to minimize
net present cost (NPC). The results encompass an in-depth assessment of
how system operates, optimal sizing for different hydrogen scenarios,
financial viability, environmental impact, and policy-driven feasibility
study.

Fig. 4 presents a time-series analysis of the system over a represen-
tative 164-h period, illustrating the dynamic interaction between system
components within the cement industry. The PV generation, shown in
Fig. 4a, follows a distinct diurnal cycle, peaking during daylight hours
and ceasing at night. The electrolyzer’s operation follows this pattern,
utilizing available solar power to produce hydrogen. This relationship
causes the electrolyzer to experience operational fluctuations, running
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Fig. 4. Annual operational profile of a 20 % hydrogen shared production system. (a) Electrolyzer power input versus PV generation. (b) Hydrogen storage energy
levels. (c) Power distribution across hydrogen, coal, and total load. (d) Annual hydrogen shares in total generation.
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at partial load or shutting down entirely when solar generation falls
below required thresholds. Since hydrogen production is inherently
linked to solar availability, effective energy storage management be-
comes crucial for maintaining a consistent industrial supply. Fig. 4b
shows the relationship between PV output and hydrogen storage, with
the tank filling during periods of peak solar generation. The operational
strategy of this system emphasizes immediate utilization of produced
hydrogen, alongside concurrent storage. Because the cement plant’s
annual hydrogen demand is limited to 10-30 % and is largely met at the
point of production, the need for substantial long-term storage is mini-
mized. The storage tank primarily serves as a buffer to smooth out
operational fluctuations, rather than functioning as a long-term energy
reservoir. Nevertheless, scaling up the hydrogen share necessitates a
corresponding increase in storage capacity to provide sufficient
hydrogen during periods of low or no solar irradiance and ensure the
achievement of the annual hydrogen usage target. Fig. 4c illustrates how
hydrogen’s contribution to the energy mix fluctuates based on electro-
lyzer activity and storage levels. When hydrogen reserves are depleted,
coal automatically compensates to maintain a consistent energy supply.
During non-solar days, when no hydrogen is produced, and the energy
mix relies entirely on coal. This is particularly evident in winter months
when solar generation is lower, causing the cement plant to rely
exclusively on coal for thermal energy needs. Fig. 4d shows the variation
in hydrogen share over time, confirming that it remains below the 35 %
threshold per timestep, as designed in the optimization model. This
controlled hydrogen-coal balance ensures uninterrupted plant opera-
tion, allowing the system to function efficiently throughout the year
while integrating renewable energy sources wherever possible. As
hydrogen integration in the system increases, it impacts system design,
component sizing, and cost-effectiveness.

Table 4 presents the optimized capacities of the solar PV array,
electrolyzer, and hydrogen storage system for different hydrogen share
scenarios (10 %-30 %), along with the corresponding annual hydrogen
production, associated Levelized Cost of Hydrogen (LCOH) and the cost
of CO5 avoided. A clear scaling trend is observed, as the hydrogen share
increases, the required capacities of PV generation, electrolyzers, and
storage grow substantially. At a 10 % hydrogen share, the plant pro-
duces 1848 metric tons of hydrogen annually, operating without storage
and relying on real-time utilization with an 85 MW PV array and a 37
MW electrolyzer. As the hydrogen share rises to 30 %, the PV size ex-
pands to 337 MW, and electrolyzer capacity reaches 114 MW, requiring
493 MWh of hydrogen storage to balance supply with annual demand of
5545 metric tons of Hp. The necessity of storage at 15 % hydrogen shares
and above suggests that real-time utilization alone is insufficient beyond
this level. From a cost perspective, the LCOH increases from $58.67/GJ
at 10 % to $95.27/GJ at 30 %. As the hydrogen share increases, system
requirement changes disproportionately with larger PV panels, elec-
trolyzers, and storage infrastructure. The resulting total investment cost
rises nonlinearly with this capacity expansion, which drives the upward
trend of LCOH. The cost increase is more pronounced beyond 15 %
hydrogen share, likely due to reduced hydrogen production efficiency,
higher storage needs, and increased operational complexity.

To connect techno-economic outcomes with environmental perfor-
mance, the cost of CO5 avoided was also quantified. Results show that

Table 4
Results for different values of hydrogen share (HS).
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this metric ranges from approximately $168/tCO5 at 10 % substitution
to $232/tCO; at 25 %, with a slight decline to $208/tCOat 30 % due to
higher revenues from electricity exports. These values indicate that
while higher hydrogen shares increase overall system costs, the abate-
ment cost of CO, remains broadly within the midrange ($50-$200 tCO5)
reported for other industrial decarbonization strategies, highlighting
both the potential and the policy support needed for solar-driven
hydrogen in cement production.

Table 5 presents the instantaneous power balance of each component
of the system at a specific timestep t = 4000 h, selected as a represen-
tative mid-year daytime hour when solar availability is relatively high
(GHI = 538 W/m?) and temperature is moderate (35.7 °C). This hour
reflects typical operating conditions when photovoltaic (PV) generation,
electrolyzer operation, and storage dynamics are simultaneously active.
The kiln—calciner system requires 272 GJ/h (75.7 MW) of thermal en-
ergy at this time, supplied by a mix of coal and hydrogen. A fixed upper
bound of 35 % hydrogen share corresponds to 95 GJ/h of hydrogen
demand, with the remaining 177 GJ/h provided by coal. The table
compares energy flows across annual hydrogen-share scenarios under
identical operating conditions to illustrate variability in system
performance.

The energy for the system originates from the PV, whose perfor-
mance is governed by the incoming solar irradiance and correction
factors for ambient temperature and derating. For the 20 % scenario, a
195 MW PV array receives 538 W/m? of solar input, translating to 195
x 3.6 x 0.538 = 377 GJ/h of incident solar energy. After applying the
derating and inverter efficiency factors (0.86 x 0.86), the useable PV
output becomes 289 GJ/h. The electrolyzer then converts a portion of
this AC power into hydrogen, with its electricity demand met entirely by
the PV output. At this timestep, the electrolyzer consumes 71 x 3.6 =
255 GJ/h of electricity, producing 207 GJ/h of hydrogen (5, = 0.81).
Accounting for storage efficiency (1, = 0.0.95), 196 GJ/h is received by
the storage system, the difference representing compression losses. Of
this, 95 GJ/h is supplied to the kiln, while the remaining 101 GJ/h is
stored for later use. In the 10 % scenario, the optimized system does not
generate sufficient hydrogen during this hour; the electrolyzer output
directly feeds the kiln and calciner, supplying 92 GJ/h (out of 95 GJ/h
required), with the shortfall met by coal. To account for technical and
market constraints, only 80 % of surplus electricity is considered
exportable to the grid, while the remaining fraction represents on-site
use or handling losses.

At lower substitution levels, storage activity is minimal, and elec-
trolyzer production nearly equals kiln—calciner hydrogen demand. As
substitution caps increase, electrolyzer output and PV capacity grow
rapidly, and the role of storage becomes more significant in balancing
hourly mismatches. Table 5 therefore illustrates the detailed energy
flows at the timestep level, showing how storage losses, PV oversizing,
and grid sales interact to maintain the targeted hydrogen share without
exceeding the kiln demand constraint. A complete power balance for
each timestep under annual hydrogen-share scenarios of 10 %, 20 %,
and 30 % is provided in the Supplementary File.

The Net Present Cost (NPC) analysis, as shown in Fig. 5, further re-
inforces these economic challenges. As hydrogen integration increases,
the total system cost rises, driven mainly by investments in solar PV,

Hydrogen share (%) PV Size (MW) Electrolyzer size (MW) H, storage size (MWh) Annual H, production (metric tons) LCOH ($/GJ) Cost of CO, avoided ($/tCO)
10 85 37 0 1848 58.67 168
15 144 52 83 2772 67.98 171
20 195 71 216 3697 82.44 209
25 246 90 365 4621 91.33 232
30 337 114 493 5545 95.27 208

Capacities from optimization model (Egs. (1)-(20)). H, production based on HHV = 141.8 MJ/kg. LCOH from Eq. (23); tCO»e avoided cost from Eq. (27) using coal EF

= 0.096tCO2e/GJ and grid EF = 0.118 tCO2e/GJ.
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Table 5
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Instantaneous energy and power balance at model timestep t = 4000 h, GHI is 538 w/m? and temperature of 35.7 °C.

Coal
Fuel
Energy

Total Energy
Demand

Hy Hp
Energy

Demand

Ha
Storage
discharge

AEg, Ha

Scenario Demand
(%)

(annual)

Storage
net
change

Storage

Charge

PV
Output

PV
input

Sold to
grid

Installed
PV
capacity
(MW)

Electro-
lyzer
Input

Electro-
lyzer
Output

Physical
excess

272
272
272
272
272

10
15
20
25
30

180
177
177
177
177

92
95
95
95
95

92 -
95
95
95
95

92
145
196
249
314

50
101
154
218

97
153
207
262
330

120
188
255
324
408

127
213
289
357
500

166
278
377
476
653

85 7 5
144 25 20
195 34 27
246 33 26
337 92 73

Per time step - - 0.35 of - - -
hydrogen system
fuel mix (w) demand

Storage charge - - - - -
efficiency
(C150)

Electrolyzer - - - - - -
efficiency
@11)

Temperature - - - - - -
factor (fy

Derating - - - - - -
factor (fpy)

GHI factor - - - - - -
(g(g)

MW to GJ - - - - - -
conversion

Physical - - - - - -
excess

Grid sell factor - - - - - -

0.95

0.81 - - - - - -

0.89 - - - -
0.86 - - B N

0.538 - - -

(PVout - -
Elein)

0.8 of
excess

All energy values are in GJ/h unless otherwise specified. PV output = Installed PV capacity x 3.6 x GHI x temperature factor x derating factor. Values represent the
instantaneous system state for the illustrated hour (not annual averages). Coal and Hydrogen use higher heating values.
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Fig. 5. NPC of the system at different hydrogen share percentage.

electrolyzers, and storage. While coal costs decrease with higher
hydrogen use, declining from $173 million at 10 % hydrogen share to
$134 million at 30 %, these savings do not fully offset the higher CAPEX
requirements of the hydrogen system. Storage, in particular, becomes a
major cost driver, adding $46 million at 15 % hydrogen share and rising
to $277 million at 30 %. Despite the higher upfront costs, revenues from
electricity and oxygen sales help recover some of the investment. The
ability to sell 80 % of excess electricity to the grid provides an important
revenue stream, though it does not fully counterbalance the rising LCOH
at higher shares. This suggests that moderate hydrogen integration
(10-20 %) remains the most financially sustainable option, as it mini-
mizes storage costs while still reducing coal dependency. Beyond 25-30

10

%, further hydrogen adoption becomes increasingly expensive,
requiring policy incentives or cost reductions in electrolyzer and storage
technologies to remain viable. Hydrogen integration up to 30 % is
technically feasible, scaling beyond this would require improvements in
storage efficiency, lower cost electrolyzers, and industrial modifications.
The ability of cement kilns and burners to handle higher hydrogen
fractions is a crucial limitation, as modifications to combustion systems
may be necessary. These factors emphasize the need for a balanced
approach, where technological readiness, cost-effectiveness, and in-
dustrial feasibility align for a smooth transition toward cleaner cement
production.

While the economic feasibility of hydrogen integration remains a
crucial factor, its potential for reducing GHG emissions is equally
important. The GHG savings from hydrogen integration in cement pro-
duction increase significantly as the hydrogen share grows, driven by
two key factors: coal substitution and excess renewable electricity sales
to the grid. Both contributions are expressed in the same unit of avoided
emissions (tCOqe/year or metric tons COqe/year), using emission factors
of 0.096 tCO4e/GJ for coal (0.346 tCO2e/MWh) and 0.118 tCO5e/GJ for
grid electricity (0.425 tCOze/MWh). As shown in Fig. 6a, at 10 %
hydrogen share, total annual GHG savings amount to 33,290 metric
tons, with 25,194 metric tons coming from direct coal displacement and
8096 metric tons from electricity sales. As hydrogen integration in-
creases to 30 %, total GHG savings more than quadruple with 139,043
metric tons, with fuel substitution accounting for 75,584 metric tons and
electricity sales contributing 63,460 metric tons, indicating a strong
support from excess solar electricity displacing fossil-fueled grid power.
This upward trend demonstrates that as more hydrogen replaces coal,
total GHG emissions decline sharply, offsetting the plant’s coal-only
baseline of 251,945 metric tons per year by 13 % in the 10 %
hydrogen scenario and a remarkable 55 % in the 30 % scenario as shown
by Fig. 6b.



S. Sapkota et al.

160,000 26.00

= mmm GHG savings from electricity sales 25.00
o
o 140,000 1 GHG savings from fuel substitution 24.00
o
o] 2 sav ’
p 120,000 —»—CO2 saved per H2 produced 22.00
9]
S|
5 s
‘g 100,000 A 75584 1 20.00 o
A
£ 5
~ 80.000 b 18.00 =
@ o
oh o
§ 62,986 o
= 60.000 16.00 O
- 50,389 o
Q on
] -
5 40000 1 37,802 14.00
= 0
E’ 20000 4 25194 o 36,280 12.00
’
10% 15% 20% 25% 30%
Hydrogen Share (%)
(2)
300,000
251,945
o 250000
° 13%
) v 123%
< 200,000 v 191%
g
2
B 150,000
=
. .
2 100,000
4
o)
|
2 50,000
El
<
coal only 10% 15% 20% 30%
baseline (0%)
Hydrogen Share (%)
(b)

Fig. 6. (A) Avoided emissions from fuel substitution and grid-export credits,
(b) annual emission comparison with baseline, expressed in tCO,e/year.

The efficiency of hydrogen in cutting emissions improves at higher
rates. The GHG savings per kg of hydrogen produced rises from 18 kg
CO9eq at 10 % to 25 kg COqeq at 30 %, suggesting that as the system
scales, hydrogen is being used more effectively to offset emissions.
Achieving these higher savings requires larger PV, electrolyzer, and
storage investments, increasing system costs. While the environmental
benefits are clear, financial feasibility remains a challenge, making
policy incentives like carbon credits or subsidies essential. These results
highlight that hydrogen adoption not only helps decarbonize cement
production but also contributes to broader grid emissions reductions,
reinforcing the need for a balanced approach between environmental
impact and economic viability.

Fig. 7 presents NPC calculated for different hydrogen shares for
different percentage of incentives (10 %-90 %). For this study, these
incentives are applied as investment tax credits that are applied to the
CAPEX of the entire hydrogen production system including PV array,
electrolyzer cost and hydrogen storage. This study is carried out to
analyze how crucial role policy support plays to make the green
hydrogen production a cost-effective and viable solution. At 10 %
hydrogen share, increasing incentives from 10 % to 90 % reduces NPC
from $327 M to $224 M, a 32 % reduction in total system cost. At 30 %
hydrogen share, NPC drops from $936 M at 10 % incentives to $366 M at
90 % incentives, marking a 60 % decrease. The reduction is more pro-
nounced at higher hydrogen shares due to larger infrastructure re-
quirements for electrolyzers and hydrogen storage, both of which drive
capital expenditures. Without strong financial support, hydrogen inte-
gration beyond 20 % remains a costly option, requiring substantial
subsidies or tax credits to remain viable. The results indicate that
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Fig. 7. Incentive based NPC at different hydrogen share percentage.

moderate hydrogen integration (10-15 %) is financially feasible with
limited incentives, while higher penetration levels (25-30 %) require
significant investment support to offset costs. Without these incentives,
cement manufacturers would face high capital costs, limiting their
ability to transition toward large-scale hydrogen adoption.

Fig. 8 presents a heatmap visualizing LCOH under various scenarios,
varying both the percentage of hydrogen used in the fuel mix and
incentive levels. Lighter shades indicate lower LCOH values, while
darker shades represent higher costs. The LCOH values represent the
total system cost over a 20-year period, accounting for revenue offsets
from the sale of oxygen and electricity. Since these revenue streams
contribute to lowering the net cost of hydrogen production, the LCOH
values in the analysis reflect a different scenario, assuming revenue
stability throughout the project’s lifespan. Incentive levels of 70-90 %
reflect optimistic scenarios, while 40-50 % reflect a realistic scenario.
Incentive levels close to zero reflect worst case scenarios. Without in-
centives (0 % investment support), LCOH remains high, ranging from
$58.67/GJ at 10 % hydrogen share to $95.27/GJ at 30 % hydrogen
share. With 50 % incentives, LCOH declines to $27.78/GJ at 10 % share
and $38.85/GJ at 30 % share. At 80 % investment incentive, the LCOH is
$7.89/GJ for 10 % share and $0.21/GJ at 30 % share. The relationship
between hydrogen shares and LCOH, however, demonstrates a nuanced
behavior significantly influenced by the level of policy incentives. While
a consistent decrease in LCOH is observed with rising investment in-
centives, the impact of hydrogen share is complex and non-linear. At
higher incentive level, particularly from 40 % and higher, LCOH does
not follow a strict upward path with increasing hydrogen share. This
fluctuation contrasts with the steady increase observed at 20 % incen-
tive, where LCOH rises consistently due to limited cost offsets and
growing system requirements. The shift in behavior at higher incentives
reflects the complex interplay between capital cost reductions, system
sizing, and revenue recovery. As hydrogen share increases, the system
requires larger PV arrays, electrolyzers, and storage, which grow non-
linearly in cost and scale (Table 4). Between 15 % and 25 % hydrogen
share, the additional storage capacity needed to maintain stable
hydrogen supply (Fig. 5) results in a temporary increase in overall sys-
tem cost. Reduced electrolyzer efficiency under partial load and
increased cycling losses further raise LCOH in this range. Beyond this
range, particularly at a 30 % hydrogen share, the larger infrastructure
allows for improved utilization throughout the year, improving effi-
ciency and allowing greater revenue offsets from electricity and oxygen
sales. The resulting LCOH is therefore influenced not just by the amount
of infrastructure added, but by how effectively that infrastructure is used
within the optimized system. Understanding this dynamic is essential for
evaluating the conditions under which green hydrogen becomes cost-
competitive in the cement sector.

To assess economic viability, we compare the LCOH to the cost of
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carbon-based fuel. Conventional carbon fuel for cement industry is $8.6
per GJ. This appears higher as actual fuel cost in cement industry is
elevated compared to spot commodity prices because of transport,
onsite coal drying and grinding, handling losses, kiln efficiency, and ash
disposal as per EPA [93]. Fig. 9 summarizes the LCOH at 10 % and 30 %
hydrogen shares for different incentive levels and compares them to the
benchmark coal price. Fig. 9 highlights the cost gap between hydrogen
and coal. The LCOH without any revenue and capex investment credit,
the gross LCOH is 9 times higher than coal baseline for 10 % and 15
times higher for 30 % scenarios. With revenue streams, the LCOH re-
mains 7 to 11 times higher than coal, making hydrogen economically
unviable. A 50 % incentive significantly lowers costs but still fails to
achieve parity. At 80 % incentives, hydrogen at a 30 % share becomes 41
times cheaper than coal, marking a turning point where green hydrogen
becomes a cost-effective alternative. The 90 % incentive scenario results
in negative LCOH values for both hydrogen shares, indicating a net
revenue generation due to the sale of oxygen and excess electricity. In
parallel, the equivalent levelized cost of energy (LCOE), expressed on a
$/GJ basis, follows the same trend since coal costs are fixed across
scenarios. This highlights if these revenue credits fail to materialize as
projected, the required financial incentive to achieve cost parity may
exceed. The results clearly demonstrate a non-linear relationship be-
tween incentive levels, hydrogen shares, and LCOH. Higher hydrogen
shares coupled with high incentives are crucial for achieving cost parity
and, ultimately, cost superiority compared to coal. This analysis strongly
suggests that policies promoting both investment in hydrogen produc-
tion and its increased utilization in energy-intensive industries like
cement manufacturing are essential for its successful integration into the
energy mix.

Fig. 10 illustrates the relationship between investment incentives
and annual GHG savings. While LCOH and NPC consistently decline as
incentives increase, GHG savings remain largely unchanged. Slight
variations were observed, where total GHG savings occasionally
decrease with mid-range incentives. For instance, in the case of a 20 %
hydrogen share, GHG savings dropped from 79,100 metric tons to a 10
% incentive to 78,900 metric tons at a 20 % incentive. Since this change
is less than 2 %, it is rounded off and considered as no significant vari-
ation. These minor fluctuations result from system optimization
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adjustments and computational nuances, which remain negligible and
do not alter the overall trend. At higher incentive levels (above 40 %), a
slight increase in GHG savings is observed across all hydrogen shares. At
the 70 % incentive level, GHG savings increased by approximately 100
metric tons (10 % hydrogen share), 900 metric tons (20 % hydrogen
share), and 3800 metric tons (30 % hydrogen share) compared to the
previous incentive level. This suggests that when financial incentives are
sufficiently high, the optimization model may prioritize larger system
sizes, leading to slightly greater emission reductions. GHG savings
remain nearly constant as the incentive percentage increases, indicating
that financial incentives primarily improve the economic feasibility of
hydrogen adoption rather than directly affecting emissions. While the
impact on a single facility may seem marginal, once the system becomes
economically viable, large-scale implementation across the U.S. cement
sector could result in significant emission reductions, supporting the
industry’s goal of achieving net-zero emissions by 2050.

This effect is quantified in Table 6, which provides an extrapolated
national-scale assessment of GHG reductions achievable through fuel
substitution with hydrogen in cement manufacturing. The data pre-
sented encompasses both direct emissions savings from displacing coal
in the kiln and calciner, as well as indirect savings from exporting sur-
plus renewable electricity to the grid.

Table 6 shows that increasing hydrogen integration leads to a pro-
portional reduction in national cement sector emissions, with up to 29 %
direct savings across US and up to 22 % total US cement sectoral
emissions savings at 30 % hydrogen share. This proportional trend arises
because hydrogen directly replaces the combustion-related CO»
component while simultaneously lowering emissions through renewable
electricity displacement. The results demonstrate that even partial
hydrogen blending, when coupled with renewable power, can deliver
meaningful sector-level abatement without compromising production
continuity. As technology matures, increasing the hydrogen share
beyond 30 % will unlock progressively greater emissions savings,
accelerating the path toward deep industrial decarbonization. From an
economic standpoint, this mitigation potential must be contextualized
by the current cost disparity between green hydrogen and fossil fuels.
While the environmental benefits are clear, achieving cost-effective
implementation at scale hinges on addressing economic barriers. As
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our analysis indicates, a substantial capital investment credit of 80 % or
more is necessary to make hydrogen adoption financially competitive.
Compared to coal, substituting natural gas offers meaningful emis-
sions reduction, thanks to its lower fuel emission intensity(fuel emission
intensity of 53 kg CO,/GJ compared to coal’s 96 kg CO»/GJ; EIA 2024
[86]). As a carbon-based fuel, natural gas cannot eliminate
combustion-phase CO; entirely. Even at 100 % substitution, natural gas
achieves only about 40 % emissions savings relative to coal. In contrast,
hydrogen offers a fundamentally different pathway: when used as a
substitute, it can virtually eliminate direct CO5 emissions at the point of
use. Thus, natural gas can may serve as a transitional solution for
near-term emission mitigation. Hydrogen blending provides a true
long-term net zero carbon pathway as it avoids any carbon leakage at the
point of use. When viewed as part of a longer decarbonization strategy
along with electrification and carbon capture, utilization, and storage
(CCUS), hydrogen integration can serve as a cornerstone for achieving
net zero emissions in cement sector. This transition can model how
targeted policy incentives and technological advancements can accel-
erate progress toward net-zero goals in other hard-to-abate industries.

5. Conclusion

This study investigated the techno-economic feasibility of inte-
grating on-site solar-powered green hydrogen production into U.S.
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clinker manufacturing, a critical pathway for decarbonizing this energy-
intensive sector using a novel mixed-integer linear programming (MILP)
model. Our technical analysis reveals the feasibility of hydrogen inte-
gration up to a 30 % annual share, but scaling hydrogen substitution
necessitates substantial increases in PV array, electrolyzer, and partic-
ularly hydrogen storage capacities.

Economically, our findings underscore a significant cost hurdle.
Levelized Cost of Hydrogen (LCOH) increases non-linearly with higher
hydrogen shares, driven by escalating capital expenditures even with
revenue streams from oxygen and electricity sales are considered. Green
hydrogen remains significantly more expensive than conventional coal-
based fuel. The cost of CO, avoided ranges from $168 to $232/tCO,
placing solar driven hydrogen within the mid-range of industrial
abatement costs, suggesting that moderate hydrogen substitution can
already be justified but higher substitution requiring significant policy
support.

Policy plays a critical role in bridging this economic gap. Our in-
vestment tax credit analysis shows that incentives of 80 % or higher are
essential to achieving cost parity with coal. At 90 % incentives, the
system can even generate net revenue, making large-scale adoption
financially viable. While financial incentives primarily enhance eco-
nomic feasibility, the environmental benefits are profound. Hydrogen
substitution up to 30 % could reduce total GHG emissions from the U.S.
cement sector by 22 %, a figure that would increase substantially with
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greater levels of substitution in the future.

The implications of this research extend beyond cement, demon-
strating a potentially scalable techno-economic framework applicable to
other hard-to-abate industrial sectors. This study provides a valuable
starting point for evaluating the costs, benefits, and optimal design of
integrated green hydrogen systems for industrial decarbonization. The
necessity of policy intervention is evident, reinforcing the need for
strategic government support to accelerate industrial decarbonization. A
phased transition strategy, starting with moderate hydrogen integration
and scaling up as technology advances and costs decline, emerges as the
most pragmatic pathway for deep industrial decarbonization.
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