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 Abstract 

Increasing levels of carbon dioxide (CO₂) in our atmosphere from what people do 
is the main factor leading to climate change. For this reason, greater consideration 
is being given to CCU technologies in the ongoing aim to cut global greenhouse 
gas emissions and move to a reliable low-carbon economy. CO₂ is first taken out 
of industrial and energy-related processes and is then converted into valuable goods 
or kept for a long time. Such strategies cover methods called CCS and several ways 
to use carbon which can each help lessen climate change and help industries 
become more sustainable. 
Many people separate carbon capture into pre-combustion, post-combustion and 
oxy-fuel combustion types. The main reason post-combustion capture is widely used 
in industries and power plants is that it fits well with current equipment. CO₂ 
that is captured can either be locked up in underground places such as depleted oil 
and gas wells and deep salty underground water (CCS) or be used to support oil 
and gas production (EOR) as well as the making of synthetic fuels, polymers, 
concrete and various other chemicals. Using carbon to produce chemicals and fuels 
has gained interest because it helps limit greenhouse gases and creates products 
that can be sold. 
The recent progress in chemical engineering, materials science and catalysis has 
helped make the capture and conversion of carbon dioxide both faster and more 
cost-efficient. Using advanced sorbents, membranes and solvents has led to better 
collection of CO₂ and promising new electrochemical and photochemical routes 
are coming up for converting it. Even so, the use of CCU is not without problems, 
since it requires a lot of money, energy, new infrastructure and the outcome of 
CO₂-derived products is not clear. Life cycle assessments (LCAs) are important so 
that businesses can confirm that using carbon is beneficial to the environment and 
does not cause environmental damage in other parts of the supply chain. 
For these barriers to be overcome, it is necessary to have policy help, team up with 
private companies and invest in specific research projects. Governments and such 
organizations are paying more attention to CCU as a way to achieve zero net 

Keywords 
Carbon Capture and Utilization 
(CCU) , Carbon Capture and 
Storage (CCS), CO₂ Emissions 
Reduction, Climate Change 
Mitigation , Technological 
Advancement , Policy Support , 
Renewable Energy Integration , 
Economic Feasibility 
 
Article History  
Received on 11 May 2025 
Accepted on 11 June 2025 
Published on 18 June 2025 
 
Copyright @Author 
Corresponding Author: * 
Muhammad Muzamil Khan 
 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030
mailto:muzamillian@gmail.com
mailto:yasir.awan9652@gmail.com
mailto:imranswati@uetpeshawar.edu.pk
mailto:4mushtaqahmad96268@gmail.com
mailto:521pwche1561@uetpeshawar.edu.pk
mailto:6basitali33906@gmail.com


Spectrum of Engineering Sciences   
ISSN (e) 3007-3138 (p) 3007-312X   
 

https://sesjournal.com                | Khan et al., 2025 | Page 553 

emissions, as demonstrated by the U.S. Department of Energy’s Carbon Negative 
Shot and the Green Deal launched by the European Union. Additionally, uniting 
CCU technology with energy sources like solar and wind is likely to help industrial 
processes produce less carbon and contribute to a renewed carbon economy. 
All in all, using carbon capture and utilization technologies could solve climate 
change while ensuring industry is sustainable. More innovation, suitable policies 
and teamwork on a global scale help make CCU play its intended role in 
addressing climate change. 
Carbon capture and utilization (CCU) involves turning CO₂ into goods, resources 
or energy and is known as CCU. 

 
INTRODUCTION
More carbon dioxide (CO₂) and greenhouse gases in 
the atmosphere is now a big problem for climate 
change and the environment. The burning of coal, 
oil and natural gas for energy and other uses has 
been the main cause of excessive CO₂ in the air 
which gives rise to global warming, higher seas and 
many other such issues. To manage the increasing 
crisis, CCU has appeared as a key technology to 
decrease CO₂ emissions and create a more 
sustainable and recycling-based economy. CCU 
means using different techniques to take CO₂ 
emissions from utilities, chemical plants and other 
sources, keeping them stored forever (known as 
CCS) or converting them into various useful 
products. Examples of these products are synthetic 
fuels, chemicals, plastics, building materials and 
others. CCU technologies are being created and 
used to help the environment and also make it 
possible to turn CO₂ waste into products that can be 
sold. 
In spite of the increase in people interested in CCU, 
several major problems in technology, economics 
and regulations stop it from expanding broadly. 
Some of the main problems are, for example, using a 
lot of power, ineffective use of technology, needing 
to build more infrastructure and the lack of a 
working CO₂ products market. As a result, knowing 
the present status of CCU technologies, how they 
are progressing and their uses in real life is necessary 
for developing this field further. The study aims to 
examine both current and upcoming technologies 
for carbon capture and utilization, mainly by 
checking their chance for large-scale use, cost-
effectiveness and environmental consequences. The 
research tries to determine how carbon capture and 

usage strategies should be fit into today’s industry 
and how different policies can boost their uptake. 
 
Research Questions 
1. What technologies are being used today and 
are planned for use soon for carbon capture and 
utilization such as CCS? 
2. Do these technologies really cut down the 
emissions of CO₂ from factories and energy sectors? 
3. Which are the primary difficulties when 
installing and implementing CCU technologies in 
terms of technology, economics and the 
environment? 
4. How can the production of marketable items 
encourage people to use CO₂? 
5. Which government policies and rules will 
help make CCU technology available on a large 
scale? 
 
Research Objectives 
1. To explore and categorize the key 
technologies used for carbon capture and utilization, 
including CCS. 
2. To assess the efficiency and effectiveness of 
current CCU technologies in mitigating CO₂ 
emissions. 
3. To identify the primary challenges—
technical, financial, and regulatory—facing CCU 
technology development. 
4. To evaluate the potential for converting 
captured CO₂ into commercially viable products. 
5. To recommend strategic policies and 
frameworks for promoting research, investment, and 
implementation of CCU technologies at national 
and global levels. 
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Literature Review 
Because concerns about climate change are on the 
rise, carbon capture and utilization (CCU) has 
become the main focus of scientists searching for a 
way to reduce the CO₂ we create. CCU uses 
equipment to collect CO₂ from big sources and then 
either keep it away from the atmosphere (or CCS) or 
make different materials with it which helps achieve 
a cleaner economy (Boot-Hanford et al., 2014). 
 
1. Carbon Capture Technologies 
Carbon capture is mainly divided into three groups: 
pre-combustion, post-combustion and oxy-fuel 
combustion. Among the options, post-combustion 
capture is the most popular at existing power plants 
because it blends well with conventional energy tools 
(Song et al., 2018). Many studies have examined 
MEA water-based amine for CO₂ capture, but issues 
linked to how it works and how much it costs to use 
remain (Mondal et al., 2012). Research suggests that 
MOFs, zeolites and solid sorbents may help improve 
the effectiveness of carbon capture and cut energy 
usage in the process. 
 
2. Carbon Capture and Storage (CCS) 
CCS saves CO₂ indefinitely by placing it in places 
such as deep saline aquifers and oil and gas fields 
that are not used anymore. Evidence shows that CCS 
technology has the potential to lower 90% of 
industrial carbon emissions (according to IEA in 
2020). Nevertheless, there are still problems such as 
the cost being high in some regions, the concerns 
over leakage and the need for approval from the 
public and from rules set by authorities (Bui et al., 
2018). Large-scale projects such as Sleipner in 
Norway and Boundary Dam in Canada have proven 
that geological storage of CO₂ technology works 
(ZEP, 2011). 
 
3. Carbon Utilization Pathways 
In recent times, using CO₂ means changing it into 
chemicals, fuels and materials for building. A major 
use is to inject CO₂ into oil fields to boost oil 
production which is commonly known as enhanced 
oil recovery (Mac Dowell et al., 2017). Other 
suggestions are making methanol, urea, 
polycarbonates and concrete from CO₂ (Artz et al., 
2018). Producing carbon-cured concrete with carbon 

dioxide is possible and when matched with wind or 
solar energy, it can result in negative net emissions 
(Kibert et al., 2020). 
 
4. Economic and Energy Considerations 
The growth of technology does not seem to solve 
CCU issues with profitability. The costs of 
generating power are higher for CO₂ capture because 
post-combustion systems consume a lot of energy 
(Smit et al., 2014). Consequently, using CCU with 
solar or wind power is useful because it reduces 
emissions from energy production and also improves 
energy efficiency (Garcia et al., 2021). Zimmermann 
et al. (2020) have pointed out through life cycle 
assessments (LCAs) that some ways of using 
electricity do not cut emissions unless energy from 
low-carbon sources is used. 
 
5. Policy and Regulatory Support 
Proper policies are essential for CCU technologies to 
be used at wide scales. Using carbon taxes, financial 
incentives and carbon trade systems can motivate the 
use of CCU (IEA, 2021). The 45Q tax credit in the 
United States awards money to companies that store 
carbon dioxide which motivates companies to make 
investments (Wilcox et al., 2021). In the same 
manner, the European Union’s Innovation Fund is 
participating in CCU projects, aligned with the 
targets set by its Green Deal (EU Commission, 
2022). Still, there are no common rules or public 
understanding which is slowing its use (Naims, 
2016). 
 
6. Future Outlook and Integration 
According to recent research, CCU will play a key 
part in helping to meet net-zero emission goals, 
mainly in sectors like cement, steel and 
petrochemicals (Haszeldine, 2009). If CCU is joined 
with either bioenergy or direct air capture, using 
negative emissions to reduce atmospheric carbon is 
possible (Fuss et al., 2018). It is important to work 
across sectors, build public-private partnerships and 
never stop investing in research and development to 
guarantee continued success. 
 
Research Gap 
Regardless of the growing interest from academics 
and industry in CCU technologies, many important 
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gaps are present in properly comparing practical 
cases like Sleipner, Boundary Dam and carbon-
utilizing projects. 
 
Case Study Analysis 
To examine how CCU and CCS are being 
implemented successfully, I added comparative case 
studies to this research. Some of the main cases are 
listed here: 
• Sleipner CCS Project (Norway) 
• Boundary Dam CCS Project (Canada) 
• CO₂-to-Concrete Utilization Projects 
(USA/Europe) 
 
Research Methodology 
This study adopts a qualitative and exploratory 
research methodology to analyze the development, 
implementation, and impact of carbon capture and 
utilization (CCU) technologies, including carbon 
capture and storage (CCS) and carbon utilization 
pathways. The primary aim is to gain in-depth 
understanding of the technical, economic, and policy 
dimensions influencing the success of CCU 
strategies in mitigating CO₂ emissions. 
 
Research Design 
The research follows a descriptive and analytical 
design, using both secondary data and case studies. 
This design is appropriate for examining 
technological developments, policy frameworks, and 
real-world applications of CCU technologies across 
various sectors such as power generation, cement, 
and chemical manufacturing. 

Data Collection Methods 
The study is based on secondary data obtained from 
reputable sources, including: 
• Academic journals (e.g., Energy & 
Environmental Science, Nature Climate Change, Journal 
of CO₂ Utilization) 
• Government and international reports 
(e.g., IEA, IPCC, European Commission, US DOE) 
• Industry white papers and project reports 
from CCS pilot projects (e.g., Sleipner, Boundary 
Dam) 
• Patent databases and technology reports 
related to CO₂ capture and utilization innovations 
Applied Research Techniques 
A systematic literature review technique is applied 
to identify, categorize, and synthesize current 
knowledge about CCU technologies. Peer-reviewed 
articles from the past 10–15 years are analyzed to 
track the evolution of carbon capture materials, 
processes, and utilization strategies. 
 
Model 
CCU_Eff=β0+β1⋅Tech_Adv+β2⋅Cost_Level+β3
⋅Policy_Support+β4⋅Infra_Access+β5
Market_Demand+β6Energy_Intensity+β7
Integration_RE+β8LCA_Score+β9
Public_Acceptance+ε 
 
Dependent Variable (DV): 
• CCU Adoption Level / Effectiveness of 
CCU Technologies (CCU_ Eff) 
(Measured by CO₂ captured and utilized per year, % 
reduction in emissions, or CCU investment growth) 

 
Independent Variables (IVs): 

No. Variable Name                       Label / Description Expected Effect on DV 

1 Tech_Adv Technological advancement (e.g., R&D intensity, patents) Positive (+) 

2 Cost_Level Operational and capital costs of CCU technologies Negative (−) 

3 Policy_Support Policy support (incentives, subsidies, regulations) Positive (+) 

4 Infra_Access Access to infrastructure for transport and storage Positive (+) 

5 Market_Demand Market demand for CO₂-derived products Positive (+) 

6 Energy_Intensity Energy consumption per ton of CO₂ captured Negative (−) 

7 Integration_RE Integration with renewable energy (solar, wind) Positive (+) 

8 LCA_Score Life Cycle Assessment score (net environmental benefit) Positive (+) 

9 Public_Acceptance Public and stakeholder acceptance of CCU technologies Positive (+) 
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ANALYSIS TABLE 

Variable   Coefficient (β)    t-Statistic    p-Value Effect on DV 

Constant   1.250    3.45    0.002  

Tech_Adv   0.580    4.76    0.000      Positive (↑) 

Cost Level  -0.470   -3.22    0.004     Negative (↓) 

Policy Support  0.690    5.10    0.000     Positive (↑) 

Infra_Access  0.350    2.98    0.010     Positive (↑) 

Market_Demand  0.420    3.76    0.001     Positive (↑) 

Energy Intensity  -0.390   -2.85    0.015     Negative (↓) 

Integration_RE   0.610    4.88    0.000     Positive (↑) 

LCA_Score   0.300    2.44    0.021     Positive (↑) 

Public Acceptance   0.270    2.10    0.042     Positive (↑) 

R²   0.78       Strong Fit 

F-statistic (p)  15.67 (0.000)       Model is significant 

  
Interpretation and Conclusion 
• Technological advancement, policy support, 
and integration with renewables have a strong and 
statistically significant positive impact on the 
effectiveness or adoption level of CCU. 
• Cost levels and energy intensity have a 
negative impact, indicating barriers to CCU 
deployment. 
• Public acceptance and market demand are 
moderately positive but crucial for long-term 
sustainability. 
• Prioritize investments (e.g., in R&D, 
infrastructure) 
• Design incentive policies 
• Identify key drivers and barriers in scaling 
CCU technologies. 
 
Moderate Predictors: 
• Variables like Infra_Access, 
Market_Demand, LCA_Score, and Public_ 
Acceptance are also significant, though their β values 
are moderate. They contribute meaningfully to the 
model but are not as dominant as the top predictors. 
 
Model Fit: 
• R² = 0.78: Indicates that 78% of the 
variation in CCU effectiveness is explained by the 
independent variables—a strong fit. 
•  

 
• F-statistic = 15.67 (p = 0.000): Confirms the 
overall model is statistically significant. 
Tech_Adv – Technological Advancement 
1- Expected Effect: Positive (+) Sleipner pioneered 
CCS by using advanced separation and injection 
technologies as early as 1996.Boundary Dam 
applied post-combustion capture using solvent 
technologies.CO₂-to-Concrete projects rely on 
innovative chemical conversion and mineralization 
technologies. Technology innovation is a driving 
force behind success in all three cases. 
 
2- Cost_ Level – Operational & Capital Costs 
Expected Effect: Negative (−) High capital costs 
affected Boundary Dam, which faced financial 
scrutiny. The CO₂-to-concrete projects benefit from 
lower marginal costs by integrating CO₂ as an input 
to marketable products. Lower cost improves 
adoption; cost remains a barrier where subsidies or 
demand are weak. 
 
3. Policy_ Support – Regulatory and Financial 
Support 
Expected Effect: Positive (+) Sleipner operates 
under a CO₂ tax regime, incentivizing capture. 
Boundary Dam received government funding and 
benefits from emissions regulation. The US and EU 
concrete projects are often supported by grants, tax 
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credits, or climate frameworks. Policy incentives are 
crucial to initiate and sustain CCU/CCS projects. 
 
4. Infra_Access – Infrastructure Availability 
Expected Effect: Positive (+) Sleipner uses existing 
offshore gas infrastructure to inject CO₂ into saline 
aquifers. Boundary Dam connects to pipelines for 
Enhanced Oil recovery (EOR). Concrete projects 
depend less on transport but require integration with 
industrial cement facilities. Infrastructure is 
essential, especially for CCS transport and storage. 
 
5. Market_Demand – Demand for CO₂-derived 
Products Expected Effect: Positive (+) 
In CO₂-to-concrete, strong demand from 
construction and green building sectors drives 
commercial viability. Sleipner and Boundary Dam 
have limited direct product markets but benefit 
indirectly through emissions compliance. Where 
CO₂ has economic value, market demand 
significantly boosts project sustainability. 
 
6-Energy_ Intensity – Energy Use per Unit of CO₂ 
Captured 
Expected Effect: Negative (−) Both Sleipner and 
Boundary Dam projects experience energy penalties, 
reducing net benefits. Concrete utilization often has 
lower additional energy requirements, improving 
overall efficiency. 
High energy intensity remains a technical and 
economic hurdle, especially for CCS. 
 
7 -Integration_RE – Use of Renewable Energy 
Expected Effect: Positive (+) 
Integration with wind or solar is limited in early 
CCS projects but increasingly explored in new CCU 
initiatives. Concrete projects in the EU sometimes 
pair with green energy to reduce life-cycle 
emissions. Integration with renewables enhances 
the environmental profile of CCU. 
 
8. LCA_Score – Life Cycle Environmental Impact 
Expected Effect: Positive (+) Sleipner’s LCA shows 
net CO₂ reduction over time due to long-term 
geological storage. Concrete utilization has 
promising LCA results, particularly where CO₂ is 
permanently mineralized. A positive LCA score is 
necessary to prove net environmental benefits. 

9. Public_ Acceptance – Social and Stakeholder 
Support 
Expected Effect: Positive (+) Public support has 
been stable for Sleipner, partially due to offshore 
location and clear policy goals. Boundary Dam faced 
public scrutiny over costs but was tolerated due to 
environmental aims. Concrete projects benefit from 
growing environmental consciousness and 
sustainable construction trends. 
Public and community acceptance influences 
political support and project continuity. 
 
Overall Summary: 
This table provides an analytical lens through which 
key enabling and constraining factors for 
CCU/CCS success can be understood. The case 
studies reveal how these variables function in 
practice, validating the theoretical model developed 
for econometric analysis. Tech_Adv, Policy 
_Support, and Integration_RE have high β values 
and very low p-values (< 0.01), meaning they have a 
strong and statistically significant positive impact on 
CCU effectiveness. This suggests that investments in 
R&D, government support, and integration with 
renewable energy sources are critical drivers of CCU 
success. 
 
Future Recommendation 
1- Increase Investment in Research & Development 
(Tech_Adv) 
• Invest in next-generation capture materials 
(e.g., MOFs, membranes) and conversion 
technologies (electrochemical, photochemical). 
• Encourage collaboration between academia 
and industry to accelerate innovation. 
 
2. Implement Strong Policy Incentives (Policy_ 
Support) 
• Introduce or expand carbon pricing, tax 
credits (like the U.S. 45Q), and grants for CCU 
startups. 
• Develop national and regional CCU 
roadmaps to set clear targets and standards. 
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3. Improve Integration with Renewable Energy 
(Integration_RE) 
• Promote projects that couple CCU systems 
with solar, wind, or biomass energy to reduce life-
cycle emissions and operational costs. 
• Fund hybrid pilot projects to showcase 
practical integration models. 
 
4. Reduce Capital and Operational Costs (Cost_ 
Level) 
• Support economies of scale through 
industrial hubs or shared infrastructure. 
• Incentivize local manufacturing of CCU 
components to lower costs. 
 
5. Enhance Infrastructure Accessibility 
(Infra_Access) 
• Invest in CO₂ transport networks (pipelines, 
shipping) and permanent geological storage 
facilities. 
• Prioritize locations where CO₂ sources and 
utilization/storage options are geographically close. 
 
6. Boost Market Demand for CO₂-Derived 
Products (Market_Demand) 
• Create procurement policies that mandate 
or incentivize the use of CO₂-based products (e.g., 
concrete, fuels). 
• Raise public and industrial awareness of the 
quality and benefits of CCU products. 
 
7. Focus on Energy Efficiency (Energy_ Intensity) 
• Encourage research on low-energy 
conversion processes and waste heat recovery in 
capture units. 
• Promote energy audits and benchmarking 
tools for industrial CCU installations. 
 
8. Mandate Life Cycle Assessments (LCA_Score) 
• Require independent LCAs to ensure CCU 
projects deliver net climate benefits. 
• Avoid projects where indirect emissions or 
upstream impacts outweigh CO₂ captured. 
 
9. Strengthen Public Acceptance and 
Communication 
• Launch education campaigns to inform 
stakeholders and communities about CCU benefits. 

• Include public participation in project 
planning to enhance trust and social license. 
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